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ABSTRACT 
 
This thesis presents the research work on the development of a broadband resonant 
cavity antenna (RCA) using a two-layer metamaterial based superstrate and a wideband 
patch antenna as a primary source. It is shown that the resonant effect in a metamaterial 
consisting of two identical patch arrays can be used to design an RCA device for 
broadband performance. The large radiation bandwidth of 40∼47% with 1-dB-ripple flat 
band response and the maximum gain of ∼13 dBi have been achieved over the 
frequency band of 8∼12 GHz. The dimensions of the compact RCA device are 
45x45x24 mm3 (or 1.5λx1.5λx0.8λ at 10 GHz). The two-layer metamaterial superstrate 
is based on an assembled structure using the two liquid crystal polymer (LCP) film 
substrates each with a printed patch array and separated by an air spacer of 4 mm. This 
air-based superstrate contributes antenna efficiency; it is lighter and requires less 
dielectric material. For comparison, the two-layer metamaterial superstrate design is 
implemented using an FR4 board and it has also been demonstrated to provide similar 
broadband performance in an RCA device.   
The Fano resonance effect in the two-layer metamaterial design has been studied. It 
has been discovered that a sharp resonance can be obtained in such metamaterials when 
a dielectric spacer is very thin (~100 µm). Analysis of current and electric field 
distributions shows that the observed electromagnetically induced transparency (EIT) 
associated with the enhanced transmission originates from the effect of trapped-mode 
resonance in the two-layer metamaterials. The experimental work was carried out using 
both FR4 and LCP based dielectric spacers. It is shown that the LCP based 
metamaterials can also be used as an effective absorber near a design frequency of 10 
GHz.  
A broadband source antenna is based on an optimised coplanar waveguide (CPW) 
fed and aperture coupled patch antenna design. By exploiting the coupling effects of a 
triple resonances associated with the CPW structure, the aperture, and the patch 
element, the broadband patch antenna was obtained and used successfully in the 
development of the broadband RCA device. Impedance and radiation bandwidths of the 
practical device are measured to be as large as 41% and 43%, respectively. The new 
fabrication and assembly methods based on laser micromachining of the PMMA 
polymer have been developed for a successful construction of metamaterial structures 
and antenna devices. 
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CHAPTER 1 INTRODUCTION 
1.1 Introduction 
The study of antennas and metamaterials has been an active area with increased interest 
in research communities. In telecommunication, the X-band is an important frequency 
band covering a frequency range of 8−12 GHz which has been used in several 
commercial and scientific applications, for instance, satellite TV, space communication, 
oceanographic applications, and radar polarimetry. In the recent space exploration, the 
X-band communication is used to communicate between the Mars Reconnaissance 
Orbiter (MRO) and earth stations via an enormously large diameter antenna in the 
NASA led missions [1, 2]. Due to a compromise of the X-band radio wavelength, the 
impact of rain and the employment of antenna size can effectively make it a good 
comparison with other frequency bands such as the S-band (2−4 GHz) and the K-band 
(18−27 GHz). This can lead to the development of antenna devices which requires a 
high gain and a wide radiation bandwidth. 
     
High-gain antennas currently used in the X-band frequency are based on aperture types 
such as the horn and the reflector antennas. The commercial X-band (8.2−12.4 GHz) 
horn antennas are available in a various range of gain performance. For example, the 
20-dB standard horn antenna comes with the aperture dimension of 109 mm x 79 mm 
and its length is 245 mm (Flann Microwave Inc.). However, the horn antenna is bulky 
and heavy. For the alternative features, reflector antennas are employed in the X-band 
communication. The gains depend on a physical dimension of an aperture area and the 
feeding system is also considered in the operation. The conventional reflector antennas 
can cover one or two frequency bands leading to the limited bandwidth that is an issue 
for the broadband operation.  
 
High performance antennas should ideally possess the attributes of compactness, high 
directivity, narrow beam, high efficiency, and broadband operation [3, 4]. Radiation 
bandwidth and gain are often the key issues in the existing antenna design. In addition, 
the material properties in antenna devices can influence the radiation efficiency and the 
related gain performance. These issues motivate the author to study design and practical 
demonstrations of high performance antennas based on metamaterials and resonant 
cavity devices.  
 
 2 
The resonant cavity antenna (RCA) can enable radiation characteristics with high gain 
and narrow beam patterns [5]. The RCA device is simply formed by two reflective 
structures and a primary antenna. The bottom reflector is commonly made of a blank 
metal surface or a patterned (defected) surface or an impedance surface. The top 
reflector (superstrate) can be a dielectric layer or a frequency selective surface (FSS) 
behaving as a partially reflective surface (PRS). However, the narrow radiation 
bandwidth is often a nature of conventional PRS structures. In the recent works on a 
wideband RCA design, the percentages of the 3-dBi radiation bandwidth and the peak 
gains have been reported as 15.7% (16.2 dBi) [6], 20.7 % (16.5 dBi) [7], 28% (13.8 
dBi) [8], 21.7% (18.2 dBi) [9], and 15% (19.5 dBi) [10]. The modified PRS design 
based on layered configuration of asymmetric dielectric materials or dissimilar FSS 
structures have shown the potential for the enhancement of radiation performance. Also, 
the influence of finite sizes of a PRS design has been considered. Nevertheless, the 
impedance-bandwidth capability of the primary antenna (radiating source) is a limiting 
factor in the development of broadband RCA devices.  
 
This thesis presents the research study that has been carried out on the investigation of 
broadband RCA devices based on the novel characteristics of the Fano-resonance 
metamaterials consisting of two identical patch arrays and a wideband patch antenna 
based primary source. Sharp Fano resonances in a two-layer metamaterial based on 
symmetric square patches have been studied. A wideband coplanar waveguide (CPW) 
fed aperture coupled patch antenna was developed as a primary field source for the 
RCA device. Microfabrication, laser micromachining and assembly methods have been 
developed to construct the metamaterial based resonators, patch antennas, and RCA 
devices.  
1.2 Thesis layout  
Chapter 2 describes the literature review of the previous research work related to the 
thesis. Overall, the reviewed work covers three areas, planar metamaterials, wideband 
patch antennas, and resonant cavity antennas. Firstly, the previous studies on 
metamaterials and their characteristics are considered in terms of the material structures, 
coupling mechanisms, electromagnetic properties, and modelling methods. Secondly, 
the development of wideband patch antennas is discussed in terms of feeding and 
coupling methods. Finally, the existing resonant cavity antennas are described in their 
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structures, capabilities and limitations, especially in terms of gain and radiation 
bandwidth.    
  
Chapter 3 presents the studied results of the Fano resonance in a two-layer metamaterial 
consisting of two identical patch arrays separated by a dielectric spacer. It has been 
discovered that such metamaterials can exhibit sharp Fano resonances associated with 
extraordinary optical transmission and spectral absorption. The behaviours of the Fano 
resonance are investigated in terms of designed parameters. The modelling work was 
carried out based on a finite element based method using the Ansoft HFSS software 
tool. It is shown that a high Q resonance can be obtained for a sub-millimetre spacer 
thickness. The origin of the Fano resonance in such materials is studied by analysing 
electric field and current distributions in patch elements in the two arrays. In the 
experimental work, the two types of designs, one with an FR4 based dielectric spacer 
and one using an LCP (liquid crystal polymer) thin film based spacer, are studied. 
Microfabrication methods have been developed to produce the metamaterials. 
Transmission and reflection measurements are made to study the characteristics of the 
Fano resonance in such materials. A good agreement between the simulation and the 
measurement results is obtained. Another LCP based design in which a back patch array 
is replaced with an un-patterned copper layer acting as a perfect reflector, is also 
investigated for applications as a near perfect thin-film absorber.  The result shows that 
the near perfect absorber performance can be achieved using the resonance effects in 
these thin-film resonator structures.  
 
Chapter 4 focuses on the development of a broadband micromachined patch antenna for 
a primary source of the resonant cavity antenna described in Chapter 5. The patch 
antenna is based on CPW (coplanar waveguide) fed aperture coupled design with a 
suspended patch above coupling aperture. Impedance matching methods are studied in 
order to design wideband devices. The technique of double-tuned method based on 
conjugate impedance matching was applied to obtain bandwidth broadening of a driven 
element. The aperture impedance was manipulated by tuning the impedance with a 
feed-line structure. The effects of device parameters were studied for optimised 
wideband performance. A wideband device was constructed based on microfabrication 
and laser micromachining techniques. The performance of the antenna was evaluated by 
the reflection and the radiation measurements. Excellent broadband performance was 
obtained.                     
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Chapter 5 describes an implementation of broadband resonant cavity antennas. RCA 
devices are designed and constructed based on the results in Chapter 3 and 4. The 
mission focuses on design and simulation of a similar two-layer metamaterial as that in 
Chapter 3 but with a quarter wavelength period for patch arrays. The metamaterial was 
used as a superstrate in RCA devices. It was found that such design provides a better 
wideband characteristic of radiative Fano resonance than the design in Chapter 3 where 
a period is of order half wavelength. It has been found that the broad resonance 
behaviour is necessary for broadband RCA devices. The behaviours of metamaterials 
with different spacer thicknesses for antenna applications are studied using the 
electromagnetic image method and the plane wave excitation. Synthesis of RCA design 
was carried out by 3D full wave simulation using the HFSS software tool. The effect of 
finite size superstrates on broadband directivity was studied. Two types of RCA devices 
were constructed, one incorporating the air spacer based superstrate and the other one 
based on FR4 based metamaterial superstrate. Fabrication and construction methods 
were developed to produce RCA devices. The measurement of antenna performance 
shows that both types of RCA devices exhibit broadband performance as predicted in 
the design and the simulation work.      
 
In Chapter 6, conclusions and future works will be given based on the research work 
described in the preceding chapters of the thesis. The main results on the investigation 
of sharp Fano resonance in two-layer metamaterials, the design and the implementation 
of a wideband patch antenna, and the design and the demonstration of broadband RCA 
devices, are summarised. Improvements and future areas of work are proposed. 
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CHAPTER 2 LITERATURE REVIEW 
 
This review looks at three main areas of interest consisting of electromagnetic 
properties of metamaterials, mechanism of wideband patch antennas, and resonant 
cavity antennas. The motivation is to explore the extraordinary properties of 
metamaterials to develop a broadband resonant cavity antenna.     
   
2.1 Metamaterials 
2.1.1  Layer based metamaterials and their properties 
This section addresses the material characteristics of the layer based metamaterials in 
electromagnetic applications. It is known that the novel properties of metamaterials and 
their characteristics are useful in numerous applications which relate to wave 
propagation and light-matter interaction. Several reviews have addressed the history of 
the metamaterials or engineered materials which offer the exotic properties [11-17]. The 
idea of the negative index of refraction was proposed by Veselago [18]. In addition, 
Pendry [19] has introduced the perfect lens based on that effect which is unavailable in 
the conventional materials. This behaviour can be used to improve the focusing effect in 
the light spectrum. 
 
In the classical design, the periodic arrangement of the metallic split-ring resonators 
(SRRs) and short posts in metamaterials has been demonstrated [20] as shown in Fig. 
2.1. The metamaterial is similar to a layer based configuration in that it exhibits unusual 
electric permittivity and magnetic permeability. The configuration has subsequently 
been modified in other forms as a square shape based SRR [21]. The same physical 
structure has also been introduced in other frequency regions by scaling and modifying 
the basic cell configurations. Consequently, the electric and magnetic responses are 
represented and clarified by the relative permittivity and permeability in a complex 
function.  
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Figure 2.1: Configuration of the metamaterial based on an array of the SRRs and metal 
posts fabricated by UCSD [20]. 
 
In application to deal with the electromagnetic field, the SRR based metamaterials have 
been used to demonstrate the cloaking function. The physical configuration based on a 
layered structure was formed by the arrangement of SRRs and showed capability in 
controlling the incident wave for concealing objects in the microwave band [22] as 
shown in Fig. 2.2. The direction of the wave propagation can be changed when 
interacting with the cloaking structure. The capability of that effect can make the objects 
invisible by bending the wave along the interface of the cloaking structure.  
 
 
Figure 2.2: Configuration and effect of the cloaking application based on the layered 
SRR metamaterials in a microwave region [22]. 
 
The alternative electromagnetic loop resonator was formed by the electric ring based on 
an electric inductance-capacitance (ELC) resonator which was able to create the electric 
and magnetic response as illustrated in Fig. 2.3 [23]. The ELC array and gap inside the 
ELC cell play a role in the lateral coupling. Also, the modification of the capacitive 
elements in an ELC structure has potential for compactness in low frequency operation 
[24]. That element and relative shape become a new choice of designing a metamaterial.            
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Figure 2.3: Configuration and characteristics of the metamaterial based on an array of 
ELC resonators and the relative permittivity and permeability responses [23]. 
 
In a two-layer structure based on symmetric elements, the metamaterial configuration 
was developed based on the original work of the SRR and wire inclusion. Fig. 2.4 
shows a two-layer metamaterial based on a combination of wire-cuts and continuous 
wires providing the resonant magnetic permeability characterised by the scattering 
response [25]. The geometric configuration produces a crossover of the resonance 
between the electric permittivity and magnetic permeability [26]. In addition, a similar 
two layer configuration of a pair of H-shaped wires (modified wire-cut) seen in Fig. 2.5 
has been studied to show the similar property [27]. Fig. 2.6 shows the structure of a pair 
of fishnet based elements that have been used to produce a metamaterial showing the 
property of negative index [28].   
 
 
Figure 2.4: Configuration and characteristics of the two-layer metamaterial based on an 
array of the short wires pair and the refractive index, relative permittivity and 
permeability responses [25]. 
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Figure 2.5: Configuration and characteristics of the two-layer metamaterial based on an 
array of H-shaped elements in transmission, refractive index, relative permittivity and 
permeability responses [27]. 
 
 
Figure 2.6: Configuration and characteristics of the two-layer metamaterial based on the 
fishnet pattern in terms of refractive index, relative permittivity and permeability 
responses [28]. 
 
To understand the metamaterial mechanism, the coupling effect on the metallic 
elements has been addressed in terms of dipole-dipole interaction [29]. With the 
assistance of the electromagnetic analogue in nanostructures, the coupling effect was 
associated with the plasmon response of a hybridisation mode which explains the 
energy level of the field-matter interaction [30]. In microwave region, the two-layer 
metamaterials formed by the wire cut elements [31, 32] and ELC resonators [33] have 
been reported based on the effect of the plasmon hybridisation resulting in the 
resonance behaviour in the scattering response as shown in Fig. 2.7. 
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(a) 
 
 
(b) 
Figure 2.7: Configurations and characteristics of the metamaterials based on a 
hybridisation scheme, (a) pair of cut-wires [31] and (b) pair of ELC resonators [33]. 
 
2.1.2 Plasma frequency of metamaterials 
The behaviour of the frequency response in complex media has been studied and in that 
the plasma frequency can be obtained by engineering the physical structure of artificial 
dielectrics [34]. The plasma effect is a phenomenon which can be used for the 
enhancement of the radiation characteristics. The artificial dielectric was showed to 
have an effective refractive index of less than unity in 1953 [35]. The configurations 
were firstly formed by an array arrangement of conducting rods (wires) and secondly 
the parallel structure of perforated plates. In 1996 Sievenpiper et al. [36] introduced the 
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3D wire-mesh configuration to provide the plasmon effect at the frequency of 6.5 GHz. 
Pendry [37, 38] has also documented the charge behaviour to obtain the plasma mode in 
a microwave region based on a periodic structure of the conducting wires. To deal with 
the material property, the dielectric function was defined to exhibit a zero electric 
permittivity that is associated with the plasma frequency. Consequently, this effect is a 
potential phenomenon to enhance the radiation capability.  
 
 
 
Figure 2.8: Configurations of the directive radiation metamaterials with an embedded 
source and the periodic elements, (a) the metallic grid structures  [39], and (b) the 
conducting rods [40].    
 
The radiation mechanism based on a zero or near-zero permittivity is shown in Fig. 2.8. 
The directive emission structure with a zero permittivity (epsilon) was addressed by 
Enoch et al. that the plasma frequency is involved in the periodic grid structure with an 
embedded source [39]. In addition, the periodic 2D rod structure behaving as an 
epsilon-near-zero (ENZ) medium was used to produce directive radiation [40]. 
Theoretical analysis based on a zero or ENZ has revealed the characteristics of the 
radiation behaviour of the engineered materials [41]. In association with magnetism 
[42], Pendry has also addressed the magnetic plasma frequency in the coupled structures 
which can influence the resonance effect of the permeability. It is shown that the 
characteristic of the resonant permeability based on the internal capacitance and 
inductance can be determined by the physical dimensions of a unit-cell in the periodic 
configurations.  
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2.1.3 Resonance effects in metamaterials 
Light interaction with metamaterials has been observed to provide the effect on the 
surface plasmon resonance (SPR) [43]. The appearance of this resonance behaviour can 
imply a significant contribution to the capability of absorption in metamaterials. The 
existence of surface plasmon (SP) has also been observed in the microwave region [44]. 
The creation of the periodic metallic grating in the optical region has led to the resonant 
transmission as shown in Fig. 2.9 [45]. The key parameter was the thickness of the 
metal elements in the grating causing the anti-parallel coupled SP between the top and 
bottom surfaces associated with the waveguide resonance. 
 
 
Figure 2.9: Configuration and characteristics of the transmission resonance in an optical 
region based on a periodic metallic grating structure [45].    
 
Furthermore, the early experimental work using a perforated metal plate or an array of 
holes showed the behaviour of extraordinary optical transmission [46]. This effect can 
lead to the theory of the extraordinary transmission that deals with the zero-order 
transmittance based on geometric parameters of an array of holes [47].   
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In addition, the double metallic grating has been studied to show the same behaviour 
and this can result in a broad spectral region [48]. The extraordinary electromagnetic 
transmission was also shown in the microwave region around 60 GHz [49]. A model 
based on an electrical circuit associated with the extraordinary transmission has been 
developed [50, 51].      
 
Apart from the perforated metal plate and the periodic grating configuration, a coupling 
mechanism based on an asymmetric inter-element cell has been observed under the 
resonance condition in several electromagnetic spectral bands in the microwave, THz, 
and optical frequency regions. The resonance behaviour originates from the ionisation 
showing the effect of a scattering phenomenon with an asymmetric line-shape response 
[52]. As reviewed in [53-56], there is strong evidence to show that the Fano resonance 
behaviour in the nanostructures and metamaterials originates from electromagnetic 
interaction of coupled oscillations. This effect is based on the constructive and 
destructive interference. The response can dominate at the adjacent locations in the 
spectral frequencies or exciting energy. The behaviour is described as enhancement and 
suppression. The resonant effect leads to the behaviour of super-radiance and sub-
radiance modes, respectively. The Fano effect can also exhibit in the visible region 
known as bright and dark modes. The effect can results in radiation enhancement and 
the trapped absorption.  
 
The asymmetric split ring (broken ring) resonator is an example configuration in which 
the field interaction results in a resonance effect. The resonance effect originates from 
the trapped-mode characteristics as shown in Fig. 2.10 [57]. A sharp resonance is shown 
resulting in the trapped-mode at the frequency region of an asymmetric line-shape. In 
addition, the surface current distribution in the resonant elements was shown as an anti-
phase configuration which is a characteristic signature of the Fano resonance effect. 
Alternatively, a similar effect was found in an array of asymmetric dipole strips [58]. It 
is evident that the asymmetric line-shape resonance is obtained in a spectral region in 
which a resonant element is able to resonate by field interaction and another one can 
oscillate by near-field coupling. The term of the electromagnetically induced transparent 
(EIT) behaviour in optics is associated with the resonant transmission due to light 
matter interaction in a medium [59]. The electromagnetic activity of the broken square 
ring based design has been studied in the THz region, exhibiting the resonance 
characteristics associated with the EIT behaviour [60]. A strong resonance condition 
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depends on the geometric dimensions of the broken sectors as shown in Fig. 2.11. A 
similar effect in the THz metamaterial is also named as plasmon-induced transparency 
in the coupling mechanism [61]. The effect is described as a coincidence of interaction 
of two resonances in the same frequency window. The effect can modify the 
characteristic of susceptibility in their medium.         
             
 
Figure 2.10: Configuration and characteristics of the microwave metamaterial based on 
the broken ring and the trapped-mode resonance [57]. 
 
 
 
Figure 2.11: Configuration and characteristics of the THz metamaterial based on the 
asymmetric broken ring and the EIT effect [59]. 
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Figure 2.12: Configuration and characteristics of the microwave metamaterial based on 
coupled concentric ring resonators and the EIT effect [62]. 
 
 
Figure 2.13: Configuration and characteristics of the metamaterial based on the bilayer 
fish-scale patterns and the EIT effect [63]. 
 
Apart from broken elements, an array containing a pair of concentric rings in a cell was 
shown to exhibit the EIT-like behaviour at the frequency of 6 GHz as shown in Fig. 
2.12 [62]. The electromagnetic benefit is that the response is independent of 
polarisation. The asymmetric current distribution was also illustrated as the trapped-
mode resonance.   
 
Alternatively, a two-layer structure based on a fish-scale pattern was provided as the 
resonant transmission [63] as seen in Fig. 2.13. The patterns were created on both sides 
on a dielectric slab in a flipped alignment. It is evident that the characteristic of the anti-
phase current configuration appears to cause a resonance condition in the 
electromagnetic behaviour.   
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Figure 2.14: Configuration and characteristics of the microwave metamaterial based on 
the side coupling SRR and the EIT effect [64].  
 
 
 
Figure 2.15: Configuration and characteristics of the THz metamaterial based on the 
side-coupling and touching SRRs, and the EIT effect [65]. 
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In accordance to the side-coupling interaction, coupled SRRs can interact with the phase 
coupling dealing with the incident angle in a microwave region as shown in Fig. 2.14 
[64]. The transmission characteristic showed the behaviour of the EIT-like resonance 
depending on an incident angle of the field excitation. The zero transmission occurred at 
the normal angle. A variation of the incident angle affected the magnitude of the 
resonant transmission. In THz operation, two types of the coupling element based on the 
proximate and merging topology of two SSRs showed the EIT behaviour as shown in 
Fig. 2.15 [65]. The optimised structure shows the resonance condition of coupling effect 
resulting in the strong EIT-like behaviour. 
  
 
Figure 2.16: Configurations and characteristics of the metamaterials based on an inter-
element coupling, (a) THz EIT metamaterial [66], (b) THz plasmon-induced transparent 
metamaterial [67], and (c) the near-infrared EIT metamaterial [68]. 
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In addition, the THz metamaterial is obtained using an inter-element configuration in 
connection with the plasmon-induced transparency as shown in Fig. 2.16 [66-68]. The 
interference of two dark (dip) modes was from the interaction of the symmetric 
resonators interacted with the strip. It is shown that dark modes occurred at the same 
frequency as that found in EIT behaviour. The appearance of a peak transmission was 
induced by the coupling interference.   
  
2.1.4 Resonant metamaterial absorbers 
The metamaterials possess a complex function of the dielectric permittivity leading to 
applications as compact absorbers. The resonance condition causes a loss component 
that is able to deal with the matching condition of wave impedance. In behaviour, the 
characteristics of zero-transmission and zero-reflection are required in order to obtain a 
perfect absorption. In principle, the absorption characteristics can be associated with the 
complex refraction index in which the imaginary part represents absorption effect. The 
well-known absorber configuration is a Salisbury screen which is the classical structure 
based on a dielectric material with a quarter-wave thickness [69, 70].     
 
 
Figure 2.17: Configuration and characteristics of the perfect resonant metamaterial 
absorber based on a two-layer of the ELC and cut-wire structures [72]. 
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The resonant metamaterial perfect absorber was reviewed in innovative configurations 
that are capable of trapping the electromagnetic field incidence in a variety of frequency 
ranges [71]. The interest in metamaterial-based absorbers is growing in a low profile 
and a wideband device. Landy et al. have introduced the design of a two-layer 
metamaterial formed by electric resonators and cut-wires on a dielectric FR4 based slab 
of thickness of 0.2 mm. The performance was able to operate at the microwave 
frequency of 11.5 GHz as shown in Fig. 2.17 [72]. The wave-impedance matched 
condition on an electromagnetic interaction was obtained resulting in the perfect 
absorption.  
 
In addition, the multilayer FR4-slab configuration based on identical electric ring 
resonators (ERRs) was investigated and experimented in the trapped-mode 
characteristics as seen in Fig. 2.18 [73]. The observations of the current distribution 
were also depicted by the anti-phase configuration which was referred as the physical 
insight of a resonance condition.  
 
 
 
 
Figure 2.18: Configuration and characteristics of the metamaterial based on two layers 
of the symmetric electric ring resonators and the trapped-mode resonance [73]. 
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The modification of the absorber configuration based on a high impedance surface 
(HIS) is made by a patch-type FSS structure with a low profile [74]. The 
electromagnetic activity is based on a phase response in a dielectric medium. Two 
layers of foam and dielectric were incorporated to optimise the electrical thickness in a 
matching condition with the perfect metal conductor. The performance was reported by 
the measured reflectivity bandwidth 18∼32% with respect to the electrical thickness 
0.7λ∼0.14λ in the X band.  
 
The perfect resonant absorber metamaterial is composed of a complex pattern as a 
flower-shaped resonator positioned on a FR4 slab with a blank metal surface as seen in 
Fig. 2.19 [75]. The performance of the perfect absorber was reported and the resonant 
frequency was dominated by the geometric dimensions of the flower-shaped cells. Also, 
the condition of the surface current configuration was considered as an anti-phase which 
is a key effect of the resonance condition. 
 
 
Figure 2.19: Configuration and characteristics of the resonant metamaterial absorber 
based on the flower-shaped array on the perfect metal conductor [75]. 
 
The classical SRR structure based on a magnetic response was modified to form the 
narrowband absorbers in minimising the reflection and transmission magnitude at the 
low frequency [76]. Fig. 2.20 shows a physical configuration that the unit cell is formed 
by the collection of SRRs positioned on a total reflective surface. In resonance, the 
coupling mechanism is equivalent to the oscillating circuit with LC elements. The 
geometric parameters of the design play a role in the resonant frequency.  
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Figure 2.20: Configuration and characteristics of the resonant metamaterial absorber 
based on array of the miniaturised SRR resonators on the perfect metal conductor [76].  
 
2.2 Wideband patch antennas 
The challenging issue in development of wideband patch antennas is impedance 
matching over a wide range of frequencies. To overcome this problem, the multiple 
resonance based method has been introduced in design of wideband patch antenna 
devices. For example, the stacked patch structure is conventionally implemented that 
the resonant frequencies depend on a number of patch elements [77, 78]. The resonant 
elements are able to resonate in the adjacent frequencies in order to extend the 
impedance bandwidth. The patches can be usually considered as a driven component 
and a parasitic element in the case of two stacked patches.  However, a disadvantage of 
the stacked patch antenna is the increase of the total thickness of the antenna due to the 
dielectric layers between layered patch elements.  
 
The feeding techniques can be divided into two methods consisting of the connected 
and the coupled feeding schemes. In the first method, a conducting probe or a 
microstrip line is directly connected to a patch element. In the second method, the 
feeding element and the patch are separated by a dielectric or an air spacer. In this case, 
a small gap (distance) is able to create a coupling effect associated with the interference 
of the reactive near-field property that plays a role in the resonance behaviour of the 
antenna. This configuration can introduce another resonant condition leading to the 
enlargement of impedance bandwidth.     
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In a more complex technique for bandwidth enhancement in the directly connected 
approach, a structural modification of a patch element is constructed by slotting the 
resonant patch. This technique is useful for producing a compact antenna with enhanced 
bandwidth. The benefit is that a single resonant patch is able to produce a double 
resonance effect [79-82]. As shown in Fig. 2.21, the antenna structures based on a U-
slotted and an E-shaped patch can have two closely coupled resonant frequencies which 
can improve impedance bandwidth. The coupling of guided modes is necessary to 
create adjacent resonances. The impedance bandwidth of the U-slotted and E-shaped 
patch fed by a probe are in a range of 20∼40%.  
 
 
(a) 
 
 
(b) 
Figure 2.21: Configuration and characteristics of the wideband single patch antennas 
based on a slotted technique, (a) the U-slotted patch [79], and (b) the E-shaped patch 
[80]. 
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(a) 
 
(b) 
 
(c) 
Figure 2.22: Configuration and characteristics of the wideband single patch antennas 
based on the coupled-feed technique, (a) capacitive feeding probe [83], (b) L-shaped 
feeding microstrip [85], and L-shaped feeding probe [86]. 
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(a) 
 
 
(b) 
Figure 2.23: Configuration and characteristics of the patch stacked antennas with a 
coupling aperture, (a) short-end CPW feed-line [91] and (b) coupling microstrip [92]. 
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In addition, the side-coupling on a single layer in a patch antenna with a small strip fed 
probe has resulted in the wideband responses of ∼27% and ∼50% as shown in Fig. 
2.22(a) [83, 84].  Fig. 2.22(b) and (c) show patch antennas excited by coupling of that 
the impedance bandwidth were ∼36% for an L-shaped probe [85], and 49% for an L-
shaped strip [86]. The physical configurations were based on an unconnected structure 
between a feeding component and a resonant patch so that the coupling effect of the 
near-field interference transfers the excitation energy to the patch. A gap is the key 
parameter for broadening the frequency response.  
 
An alternative coupling mechanism is via an aperture element that can lead to a simple 
physical structure and ease of a matching condition. The aperture structure is positioned 
on a ground plane and also interacts with the feeding element. There are typically two 
feeding structures to excite the aperture based on a microstrip and a coplanar waveguide 
(CPW) as shown in Fig. 2.23. Pozar introduced the circular aperture on a ground plane 
to separate the microstrip line and the resonant patch [87]; whereas the use of the CPW 
feed-line positioned on a ground plane was been reported by Menzel and Grabherr [88]. 
In both cases, the initial work was not aimed for a wideband response. However, a 
narrow aperture that behaves as a driven resonator is used to excite a patch. In that, the 
resonance conditions of both elements can be tuned to obtain the enhancement of 
impedance bandwidth [89]. In addition, antennas based on a combination of a coupled 
aperture and stacked patches have also been introduced and this type of antenna 
structure can lead to the enhancement of the impedance bandwidth to around 30∼50% 
[90-92]. The drawback on that is a thick antenna profile.  
         
In order to achieve a triple resonance, a mixed configuration can be used to improve 
impedance bandwidth as shown in Fig. 2.24. This can be realised in different designs 
based on the stacking, slotting, and coupling techniques. An impedance bandwidth of 
50% has been obtained using a U- or V-shape slotted patch or stacked patches with a 
feeding probe in Fig. 2.24(a) [93, 94]. The aperture-coupled stacked patch design with 
two and three elements was also able to create a triple resonance to achieve impedance 
bandwidth of 44% in Fig. 2.24(b) [95]. Without a stacked patch, the use of additional 
slots is a technique to load with an existing U-shape slot on a single patch for a broad 
impedance bandwidth of more than 50% in Fig. 2.24(c) [96].  
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(a) 
  
(b) 
 
(c) 
Figure 2.24: Configurations and characteristics of the wideband patch antennas with the 
triple resonances, (a) the V-slotted patch and typical stacked patch with a feeding probe 
[93], (b) the stacking configuration based on two and three typical patches coupled with 
an aperture element [95], and (c) the single slot-loaded and U-slotted patch with a 
feeding probe [96].  
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2.3 Antennas with a metamaterial based ground plane 
In this section, antenna devices incorporating a metamaterial based ground plane are 
discussed. In the antenna applications, a metamaterial is incorporated as a part of the 
ground plane or reflector [97-105]. The planar structure formed by the two-layer of 
array elements and a perfect electric conductor (PEC) can produce a resonance. The 
inclusion of the metamaterial can improve directivity of antennas by eliminating, for 
example, a surface electromagnetic wave; or reducing a thickness of the antenna 
structure making it a more compact device. The metamaterial can be equivalent to an 
artificial magnetic conductor (AMC) behaving as a high impedance surface (HIS). This 
property contributes to compactness since a smaller distance is obtained between a 
radiating element and a grounded slab.  As can be seen in Fig. 2.25, Sievenpiper et al. 
have introduced an HIS ground plane based on a periodic arrangement of mushroom 
like cells for supporting an interfacial propagation [97]. This configuration can improve 
the antenna gain by ∼3 dBi [97-99]. The key characteristic of resonance of an HIS 
grounded material is a total reflection magnitude and a zero reflection phase.  
 
 
 
Figure 2.25: Configuration of the periodic mushroom-like structure for the HIS ground 
plane and antenna applications of a horizontal wire and patch antennas [97]. 
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Figure 2.26: Configuration of the diamond dipole antenna with the patch based EBG 
reflector for a wideband operation, and characteristics of the reflection phase of the 
EBG structure, gain and S11 parameter of the antenna structure [101]. 
 
The characteristic of a reflection phase in a mushroom array structure has been 
investigated in terms of an impedance surface for improving impedance matching [100]. 
It is seen that the effective reflection phase within a range of 90±45° is an important 
factor in interacting with the antenna element to obtain a perfectly matched condition 
with the input impedance. In addition, the application of a patch based dipole antenna 
with the mushroom structure was proposed for wideband radiation as shown in Fig. 2.26 
[101]. The mushroom array structure was also used in an antenna to obtain broadband 
circular polarisation operation [102].   
 
A version of a metamaterial based substrate was formed by the cylindrical EBG 
structure as shown in Fig. 2.27. The resultant patch antenna showed a gain enhancement 
of 2.9 dBi [103]. The unipolar photonic bandgap (UP-PBGP) as a grounded substrate 
exhibits the property for suppression of the surface wave [104]. The antenna radiator 
was a coplanar patch and the excitation was made using a coupled aperture as shown in 
Fig. 2.28. The antenna showed a gain improvement by 3 dBi. On the other hand, a 
metamaterial has been used to replace a blank metal conductor as a reflector to enhance 
antenna performance. Zhang et al. have studied a PMC structure in the investigation of 
an aperture coupled patch antenna with the back reflector [105].  The improvement of 
the side-lobe suppression is by 6 dBi in comparison with a PEC based reflector.  
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Figure 2.27: Configuration of the patch antenna with the cylindrical electromagnetic 
crystal substrate [103]. 
 
 
 
 
 
Figure 2.28: Configuration of the aperture coupled patch antenna with the uniplanar 
compact photonic bandgap (UC-PBG) structure [104].  
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2.4 Resonant cavity antennas 
The resonant cavity antenna (RCA) for high gain applications has been studied for 
several decades [6-10,106-130]. In particular, the theoretical analysis has been based on 
electromagnetic and optic behaviours associated with the reflection characteristics. The 
fundamental configuration of a resonant cavity antenna consists of a pair of planar 
structures including a partially reflective surface (PRS) and a ground plane behaving as 
a total reflective surface. The PRS configuration can be formed by dielectric materials 
or a metallo-dielectric composition also known as a frequency selective surface (FSS).  
 
A dielectric layer with a thickness of a quarter guided wavelength can function as a PRS 
resulting in the phase change of 180° (π) in reflection. However, the use of the dielectric 
based PRS structure relies on the intrinsic property of relative permittivity and requiring 
a particular thickness. On the other hand, the FSS based PRS has been studied as an 
effective superstrate in RCA devices. The periodic arrangement of metallic elements in 
a variety of patterns provides design flexibility in controlling the reflection coefficient. 
This superstrate configuration also gives a degree of freedom in choices of a dielectric 
material. The electromagnetic nature of a periodic structure is associated with the type 
of metallic element and dimensions in an array. This leads to the selection of a suitable 
type of periodic patterns.  
  
In its operation, a primary source or a feeding antenna is positioned inside a cavity and 
is used to excite a RCA device. In general, the exciting antenna can be a dipole, aperture 
or slot, patch, open-end or slot-loaded waveguide based design. The high directivity 
(gain) with a narrow beam pattern is obtained based on a cavity effect. However, 
broadband radiation has been a challenging issue which is one of the main interests of 
this thesis work.  
 
The feature of PRS structure has a key role in designing a RCA device. The RCA 
design can be analysed by several methods including the ray theory, the Fabry-Perot 
cavity, the transmission-line model, the leaky-wave propagation, and the 
electromagnetic band-gap (EBG) or photonic bandgap based approaches.  
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In 1956, Trentini [106] introduced an antenna configuration with the PRS structure 
based on periodic arrays of metal elements to form a resonant cavity antenna. In that 
work, the antenna had a pair of reflectors consisting of one total reflector and a partial 
reflector separated by a cavity distance or height. The theoretical analysis was based on 
the ray theory. The high antenna gain was achieved using an open-end waveguide based 
excitation source as shown in Fig. 2.29.    
 
 
Figure 2.29: Configuration of the resonant cavity antenna based on a perforated-grid 
PRS [106].   
 
In 1985, Jeckson and Alexopoulos [107] presented a high-gain antenna which dielectric 
layers were used for a PRS structure referred to as the “substrate-superstrate” structure 
to form a cavity with a ground-plane reflector as shown in Fig. 2.30(a). In wave 
propagation, the reflection phase of a quarter-wavelength dielectric PRS structure is 
determined at the resonant frequency at which the reflection magnitude is also 
dominated by the value of relative permittivity (). Based on the transmission-line 
model, the cavity structure was converted into sectional impedances by starting with the 
ground plane as a short load. The characteristic impedance of a transmission line can be 
determined of that the resonant condition requires a cavity height of a half-wavelength. 
Moreover, the superstrate based on multiple dielectric layers has been shown to provide 
narrow-beam radiation behaviour and the effect of leaky-wave propagation was 
analysed using attenuation constants as shown in Fig. 2.30(b) [108].  
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Figure 2.30: Configuration of the resonant cavity antenna based on a dielectric PRS, (a) 
the superstrate-substrate cavity structure [107] and (b) the narrow-beam structure based 
on a multi-layer dielectric superstrate [108].   
 
 
 
Figure 2.31: Configuration of a 1D and 2D dielectric PRS superstrate in a resonant 
cavity antenna, the characteristics of the resonant transmission of the EBG analysis and 
the antenna directivity [109].  
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In 1999, the analysis connected with the photonic bandgap (PGB) also known as the 
electromagnetic bandgap (EBG) approach has introduced to determine the resonance 
behaviour of the one-dimensional (1D) and two-dimensional (2D) dielectric structure as 
shown in Fig. 2.31. The directivity in the patch antenna was controlled by the 
absorption in the transmission response [109, 110].   
 
The FSS based PRS as a 2D structure has been investigated extensively for resonant 
cavity antennas. In 2001, Feresidis and Vardaxoglou investigated a FSS structure based 
on dipole elements that was incorporated with the open-ended waveguide, producing a 
measured gain of ∼22 dBi as shown in Fig. 2.32 [111]. The effect on a PRS size was 
also studied and optimised to obtain maximum antenna efficiency.    
 
Figure 2.32: Configuration and characteristics of the resonant cavity antenna based on 
the strip dipole based PRS structure and the open-end waveguide source antenna [111]. 
 
In 2005, Weily et al. described a PRS structure consisting of a three-dimensional (3D) 
configuration based on a wood pile structure called as an EBG resonator as shown in 
Fig. 2.33 [112]. The unit cell has the dimensions of 11.2x11.2x12.8 mm3 or 
0.46x0.46x0.52λ3 with a height of 3.2 mm (0.13λ) at the operation frequency of 12.31 
GHz. The antenna directivity was investigated by varying a dimension of the EBG 
superstrate. The effective size of a square aperture around 6.3λ produced the highest 
radiation peak with a measured gain of 18.9 dBi using a patch based excitation source. 
The main benefit of a 3D dielectric PRS is a thinner superstrate as compared with a 1D 
dielectric based design for a same performance.     
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Figure 2.33: Configuration and characteristics of the resonant cavity antenna based on 
the woodpile EBG superstrate and the patch source antenna [112]. 
 
 
 
Figure 2.34: Configuration and characteristics of the wideband and double-band 
resonant cavity antenna based on the 2D dielectric rod superstrate and the patch source 
antenna [113]. 
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In order to enhance a radiation bandwidth, more complex dielectric layers have been 
also formed to be a superstrate. A 2D dielectric rod based superstrate with a defect rod 
was studied to extend the radiation bandwidth for a double band and a wideband 
operation as shown in Fig. 2.34 [113]. The EBG characteristics of a rod based structure 
produce the wideband defect mode that was fed by a patch based source antenna. The 
size of a finite dielectric superstrate determines the behaviour for a double band or a 
wideband operation. However, this type of a wideband resonant cavity antenna suffers 
from a bulky configuration. The reflection coefficient was not reported in this study.     
 
 
Figure 2.35: Configurations and characteristics of the sub-wavelength resonant cavity 
antennas based on the patch based HIS structure and patch based PRS superstrate [114].  
 
Apart from the one-layer FSS based PRS superstrates, other cavity configurations using 
two FSS layers have also been investigated. In 2005, Feresidis et al. reported the study 
of a low-profile RCA structure including a ground-plane based on an artificial magnetic 
conductor (AMC) configuration as shown in Fig. 2.35 [114]. It was shown that the 
structure is feasible for a design in which the cavity height can be a quarter wavelength. 
In addition, the extended studies showed the possibility to reduce the cavity height to be 
less than the quarter wavelength [115-117]. The arbitrary reflection phases of a patch-
type AMC and a mesh-type PRS were designed in accordance with the Fabrt-Perot 
approach leading to an extremely small cavity height as shown in Fig. 2.36 [117]. 
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Figure 2.36: Configurations and characteristics of the sub-wavelength resonant cavity 
antennas based on the patch based HIS structure and mesh based PRS superstrate [117].   
 
In 2006, Guerin et al. unveiled the investigation of aperture array based superstrates in a 
cavity antenna as shown in Fig. 2.37 [118]. The cavity antenna was excited by a patch 
antenna as a feeding source showing a high gain of more than 20 dBi. The radiation 
pattern provided a narrow directive beam as expected. It was shown that the large 
dimensions of a PRS structure of around ∼11λx11λ were required to obtain the high 
gain performance.   
 
 
Figure 2.37: Configuration and characteristics of the resonant cavity antenna based on 
the array aperture PRS structure and the patch source antenna [118].  
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Figure 2.38: Configuration and characteristics of the resonant cavity antenna based on 
the multi-layer dielectric superstrate and the array patch source antenna [119].   
 
Gardelli et al. reported the study of such layered dielectric superstrates in a cavity 
antenna as shown in Fig. 2.38 [119]. It was shown that the high gain performance 
depends on a reflection magnitude associated with the value of electric permittivity. 
Also, the number of dielectric layers plays a role in the performance of an antenna in 
terms of gain and beam pattern. This shows a trade-off between high gain and high 
radiation bandwidth.  
 
To improve a radiation bandwidth in using a FSS structure, the two-layer PRS designs 
have been investigated in resonant antenna devices. In 2006, Feresidis and Vardaxoglou 
presented the work based on PRS designs with two dissimilar arrays for radiation 
enhancement as shown in Fig. 2.39 [120]. The superstrate configuration consists of two 
layers of a typical FSS with different patch dimensions. The separation between two 
arrays was 11 mm (∼0.51λ) and it was 11.4 mm (∼0.53λ) between a bottom array and a 
ground plane reflector. In this design, a positive gradient in the reflection phase as a 
function of frequency was used for wideband operation. The measured result of the 1-
dB-ripple radiation bandwidth was around 9% with a peak gain of roughly 20 dBi at the 
centre frequency of 14 GHz. The finite size of a patch array was around 4λx4λ and the 
overall antenna size was 8λx8λ (including a dielectric edge space). However, the input 
impedance over the operation band is not ideal for the reflection characteristics due to 
the limitation of a primary radiator which was a slot-loaded waveguide.   
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Figure 2.39: Configuration and characteristics of the broadband resonant cavity antenna 
based on the two-layer dissimilar patch PRS structure and the slot-loaded waveguide 
source antenna [120]. 
 
In 2007, Lee et al. presented the optimisation of two FSS layers of dissimilar array 
consisting of dipole elements on each side of a dielectric slab for double band operation 
as shown in Fig. 2.40 [121]. In this method, the physical dimensions of dipole elements 
were modified using an algorithm based process. The total size of a superstrate is 
120x120 mm2 or 4x4λ2 at the frequency of 8 GHz. The measured directivity was about 
20 dBi both two peaks at the frequency of 8.2 GHz and 11.7 GHz using a separate 
source antenna for each band. 
 
 
Figure 2.40: Configuration and characteristics of the double-band resonant cavity 
antenna based on the two-layer optimised strip dipole PRS structure and the different 
patch source antennas [121]. 
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Figure 2.41: Configuration and characteristics of the double-band resonant cavity 
antenna based on two FSS layers consisting of the HIS layer and strip grating PRS 
structure and the dipole source antenna [122].  
 
In addition, a dual band resonant cavity antenna was also demonstrated using an 
artificial ground plane. As considered in a phase compensation approach, the creation of 
a cavity structure was made with the high impedance surface (HIS) ground plane based 
on a Hilbert-curve array pattern and a strip grating based FSS superstrate as shown in 
Fig. 2.41 [122]. The two radiation bands occurred at the frequencies around the location 
of a zero reflection phase on a ground plane response. The cavity distance was 24 mm 
which is around 0.4λ at the frequency of 5 GHz. The relative size of an antenna 
configuration is 241.5x241.5x25.6 mm3. A measured gain of about 14 dBi was obtained 
at the peak frequencies of 5.1 GHz and 5.7 GHz, respectively.   
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(a) 
 
(b) 
Figure 2.42: Configurations and characteristics of the patch antenna structure with the 
metamaterial-assisted superstrate, (a) the negative permeability medium superstrate 
[123] and (b) the high permittivity superstrate [124]. 
 
In 2008, Liu and Zhao proposed the use of a SRR based metamaterial positioned in 
front of a source antenna as a superstrate for gain enhancement as shown in Fig. 2.42(a) 
[123]. The periodic structure was based on SRRs in a metamaterial providing complex 
permeability. The conventional patch antenna was used to provide the field excitation 
and the antenna gain was enhanced by ∼4 dBi. Also, Attia et al. reported the study of a 
multilayer superstrate come up with a 10x10 SRR array in each layer resulting in a gain 
enhancement by ∼4 dBi as shown in Fig. 2.42(b) [124]. The disadvantages of that 
structure are a narrow band and a bulky superstrate structure in a case of the multilayer 
based design.            
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Figure 2.43: Configurations and characteristics wideband resonant cavity antennas 
based on the two-layer double-side of the loop and mesh with patch superstrate, and the 
patch source antenna [125]. 
 
In 2010, Moustafa and Jacko introduced the PRS configuration based on dissimilar 
patterns of double-layer complex FSS superstrate. It is consisting of an array of square 
rings on one side of a dielectric slab and a layer of mesh with concentric patches on the 
other side of a dielectric slab as shown in Fig. 2.43 [125]. A finite-size PRS of 5λx5λ 
was used and a primary source was a patch antenna. The experimental results showed 
poor reflection characteristics. The antenna gain was reported of around 13 dBi. 
However, the multi-feed technique has been proposed based on a simulation for 
enhancement of reflection coefficient and gain.     
 
Another cavity antenna is based on a hybrid HIS ground plane and a single patch-type 
FSS based superstrate for wideband radiation. Two parts was consisting of a mushroom-
like structure formed as an artificial ground plane, and a U-slotted patch used as a 
wideband primary source antenna as shown in Fig. 2.44 [126]. The special feature of a 
reflection phase on a ground plane was used to interact with the reflection phase of a 
patch-array superstrate. The optimisation of a mushroom-like geometry can extend a 
frequency response of phase compensation. The measured 1-dB radiation bandwidth 
was around 9.9% with a peak gain of 19.6 dBi. The physical dimensions of an antenna 
were 60x70x12 mm3 and the cavity distance was 8.8 mm which is equivalent to 0.4λ 
(14 GHz).  
 41 
 
Figure 2.44: Configuration and characteristics of the wideband resonant cavity antenna 
based on the two FSS layers consisting of the hybrid mush room array HIS ground 
plane and the patch-type PRS structure and the U-slotted patch source antenna [126]. 
 
 
Figure 2.45: Configuration and characteristics of the wideband resonant cavity antenna 
based on the double-side dissimilar strip dipole PRS structure and the monopole source 
antenna [6]. 
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In 2012, Ge et al. reported the study of a thin PRS consisting of two dissimilar dipole 
arrays on a dielectric slab as illustrated in Fig. 2.45 [6]. A notable characteristic is the 
positive gradient in a reflection phase. A monopole antenna was used as a primary 
source. Three operation modes were illustrated consisting of a double band, wide band 
and single band depending on the reflection-phase characteristics of a PRS structure. 
The measured 3-dB gain bandwidth of a wide band is 15.7% with a peak gain of 16.2 
dBi for an aperture size of 108x108 mm2.     
 
 
Figure 2.46: Configuration and characteristics of the double-band resonant cavity 
antenna based on the two-layer symmetric dielectric superstrate and the patch source 
antenna [127]. 
 
A dual band radiation has also been shown in an antenna using a two-layer 1D dielectric 
superstrate as shown in Fig. 2.46 [127]. The measured peak gains were 14.5 dBi and 
15.1 dBi, respectively by using a single patch based excitation source. The inverted 
reflection phase was introduced to obtain two resonance conditions.   
 
In 2013, Al-Tarifi et al. presented the investigation of a double slab based superstrate in 
a similar configuration but it was based on a simulation work [128]. Two dielectric 
layers of different thicknesses were used as shown in Fig. 2.47. The key features are 
dielectric thicknesses and air spacing between them as well as the dielectric property of 
that material. The antenna was excited by an open-end waveguide aperture and the 
dimensions of a superstrate were 60x60 mm2 exhibiting a 3-dB radiation bandwidth of 
19.3% at the centre frequency of 14.5 GHz.    
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Figure 2.47: Configuration and characteristics of the wideband resonant cavity antenna 
based on the two-layer asymmetric dielectric superstrate and the open-end waveguide 
antenna [128]. 
 
Moreover, a wideband primary antenna has also been used in a broadband cavity 
antenna configuration. The microstrip-fed aperture-coupled patch antenna was applied 
into a resonant cavity antenna with a superstrate consisting of two asymmetric dielectric 
layers as shown in Fig. 2.48 [7]. The 3-dB radiation bandwidth was around 20.7% at the 
centre operation frequency of 15.5 GHz and a peak gain of 16.5 dBi. The impedance 
bandwidth was around 23%. It shown that the bandwidths of impedance and radiation 
are corresponding in operation.  
 
Figure 2.48: Configuration and characteristics of the wideband resonant cavity antennas 
based on the two asymmetric dielectric layers and the aperture-coupled patch source 
antenna [7]  
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Figure 2.49: Configuration and characteristics of the broadband resonant cavity antenna 
based on the two-layer dissimilar patch PRS structure and the blended monopole source 
antenna [129]. 
 
In 2014, Meteo-Segura et al. described a RCA configuration based on two dissimilar 
patch-type FSS layers which was investigated by optimisation and analysis as shown in 
Fig. 2.49 [129]. The study of an inter-layer interaction between two FSS layers showed 
its effect on two radiation peaks which shift towards to the high frequency region as a 
separation between layers is reduced. The antenna performance was also affected by the 
source antenna and the relative size of a superstrate. The radiation bandwidth was 
reported of 6% with a peak gain of 17.44 dBi. In that, the large size of an antenna is 
28x28cm2 ( ∼13λx13λ) at 14 GHz.  
 
Recently, a complementary structure based two-layer superstrate has been studied 
consisting of an array of square patches on one side of a dielectric slab and the square 
aperture layer on the other side as shown in Fig. 2.50 [8]. The feature of a positive 
reflection phase gradient was discussed for wideband operation. The practical resonant 
cavity antenna was formed by a two-layer superstrate of 2.4λx2.4λ in area and a 
microstrip fed aperture coupled patch was used as an excitation source. The measured 3-
dB gain bandwidth was 28% with a peak gain of 13.8 dBi. The total dimension of a 
practical antenna was 72x72x15 mm3.  
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Figure 2.50: Configurations and characteristics wideband resonant cavity antennas 
based on the two-layer complementary pattern PRS structure, (a) the double-side of the 
patch and mesh array superstrate, and the aperture coupled patch source antenna [8].  
 
 
(b) 
Figure 2.51: Configuration and characteristics of the wideband resonant cavity antennas 
based on the three asymmetric dielectric layers and the open-end waveguide antenna 
[9]. 
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Figure 2.52: Configuration and characteristics of the broadband resonant cavity antenna 
based on the three-layer dissimilar patch PRS structure and the slot-loaded waveguide 
source antenna [10]. 
 
In use of dielectric materials, a superstrate based on three asymmetric dielectric layers 
was used with an open-end waveguide source in a resonant cavity antenna as shown in 
Fig. 2.51 [9]. The effects of a dielectric property, a thickness of each layer and a 
superstrate size on antenna performance, were studied. The 3-dB radiation bandwidth 
was 22% at the operation frequency of 11.1 GHz and the peak gain was 18.2 dBi. The 
superstrate size was around 1.5λ0x1.5λ0. (40x40 mm2) and the total superstrate thickness 
was roughly 0.52 λ0 (14.05 mm). The considered point of fabrication is depending on 
specific dielectric properties and its thickness.  
 
A broadband resonant cavity antenna based on a multilayer PRS superstrate as shown in 
Fig. 2.52 has also been investigated [10]. The PRS was a three-layer structure with 
dissimilar square patch arrays. The 3-dB radiation bandwidth was around 15% at the 
middle frequency of 14.5 GHz with a peak gain of 19.5 dBi. The overall area of the 
antenna was 80x80mm2 or ∼4λx4λ at 14.5 GHz. The total height of a superstrate 
structure was around 24.3 mm (∼1.18λ). The impedance bandwidth was not good due to 
the reflection characteristic of a slot-loaded waveguide source. The trade-off comes up 
with the air-filled superstrate thickness and radiation bandwidth. 
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2.5 Summary 
In this Chapter, the literature related to the research work of the thesis has been 
discussed. The review work has focused on three areas of research; design and 
properties of metamaterials in electromagnetic spectrums, development of wideband 
patch antennas and antenna devices with a metamaterial-based ground plane, and the 
resonant cavity antennas. It has been shown that there has been significant interest in 
studies of metamaterials and their characteristics such as plasmas frequency, Fano 
resonance effects, extraordinary optical transmission, and absorbers. Metamaterials 
exhibit novel properties as phenomenal resonances which are not possible with the 
conventional materials. The novel designs of a superstrates in resonant cavity antennas 
have also been illustrated in performance and critical features. Significant 
improvements can be made in antenna performance by incorporating metamaterials into 
antenna devices.   
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CHAPTER 3 FANO RESONANCE IN A TWO-LAYER PATCH 
BASED METAMATERIALS 
3.1 Introduction 
This chapter describes the research work on the design and studies of an 
electromagnetic metamaterial exhibiting Fano resonance [45, 130-133]. For example, in 
a two-layer array [134, 135], the metamaterial constituent shows unusual properties 
based on an interaction of incident radiation with the ordinary properties of materials. 
The mechanism is based on a coupling effect of the reactive near-field between resonant 
elements adjacent to each other. In the physical arrangement, metamaterials based on 
the metallo-dielectric composite medium are formed in a periodic fashion that plays a 
fundamental role in the electromagnetic interaction in their materials. A unit-cell can be 
considered as a building block of a material allowing a convenient investigation of the 
material properties. The scattering response can reveal electromagnetic activities and 
also explain anomalous resonances in the engineered material. The desirable resonant 
frequency depends on dimensions of a unit-cell with respect to the operating 
wavelength.  
 
The use of two coupled resonators in several metamaterials implies that unit-cells can 
produce a resonance effect. The resonant elements interact with incident radiation 
resulting in the near-field coupling effect. Here, the resonance configuration is based on 
two coupled layers of identical patch arrays which provide the advantages of the ease of 
design and analysis. The investigation of metamaterials is based on the responses of 
transmission and reflection coefficients. With the modification of physical parameters, 
tunability can be manipulated for the desirable frequency. Two dielectric materials are 
used to produce metallo-dielectric configurations. The modal properties of  
metamaterials are introduced by phenomenal resonances of the extraordinary 
transmission related to the trapped (absorbed) modes. The behaviour of resonance 
depends on the physical configuration and the ordinary properties of dielectric 
materials. In addition, a physical insight is considered in the attribute of the surface 
current configuration in illustration of the Fano-resonance effect. Also, the complex 
properties of their materials are presented as an electric and magnetic response. The 
designed configurations are produced using micromachining based fabrication 
techniques. Also, the verifications of the practical structures are made by measurement 
and comparison with the results of simulation.    
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3.2 Origin of the Fano resonance 
The Fano effect originated from the studies of the ionisation of an atomic system in 
physics associated with the resonance scattering in terms of the interference 
phenomenon between a discrete (bound state) and a continuum (unbound state) 
spectrum [52]. The appearance of a spectral line-shape illustrates the intensity 
alternation and also the phase shifting effect is a significant condition to obtain a 
resonance process. The Fano resonance can be described by a line-shape function 
perturbed. The unique characteristic function results in the asymmetric profile is given 
as [52]  
 = 	
	        (3.1) 
 =        (3.2) 
The parameter, , is a line-shape factor which indicates the degree of asymmetry of a 
resonance. The parameter, , is a reduced energy or a response as a function of a 
frequency. The parameter,  and  are a resonant frequency and a resonant bandwidth. 
 
Fig. 3.1 shows the graphic plot of a normalised Fano function in a variation of the 
parameter  consisting of 0, -1, 1, and 100. The normalised frequency is a ratio of 
 ⁄ . The amplitude plots are normalised with the scaled factor  involved with the 
line-shape function that is defined by [54]    
 = 	
        (3.3) 
The major attribute of an asymmetric line-shape is clearly seen in two cases in which 
the locations of a peak and a trough is around the resonant frequency. It is seen that the 
parameter  is able to influence on a resonant profile. The consideration of the 
parameter  is to be large ( ≫ 1) leading to a symmetric line-shape as expressed as the 
Lorentzian function . Therefore, the mathematic formula in equation 3.1 is 
modified as  
 = 	       (3.4) 
In contrast, the anti-Lorentzian appears as the parameter  becomes a zero. As a 
consequence, the asymmetric degree of a shape-line profile can be influenced by the 
parameter  for which a small value offers the sharp transition of the coincident 
resonance. The parameter  with a sign also presents the order of the peak and dip 
attributes. 
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Figure 3.1: Behaviour of the asymmetric line-shape profile of the Fano function. 
 
In conjunction with the electromagnetic interference, the light phenomenon of the 
Wood’s anomalies [136] occurs in a metallic diffraction grating that the extraordinary 
illumination was observed but then rapidly diminished at the vicinity of a wavelength 
spectrum. The explanation [130] has associated the asymmetric behaviour with the 
electromagnetic surface wave mode as a surface plasmon polariton (SPP) [137]. The 
Fano resonance is connected with the hybridised plasmon modes found in the light-
matter interaction in nanostructures [138, 139]. It is shown that the coupling of incident 
radiation causes a charge configuration along a material interface of nanostructures and 
the formation is referred to as the SPP behaviour. In association with the original Fano 
effect, there are two significant attributes consisting of the bright (super-radiance) mode 
and the dark (sub-radiance) mode. This effect can result in the asymmetric line-shape 
that the peak and dip (off-peak) locations are coincident at adjacent frequencies. In 
order to explain the mechanism of the plasmonic system, the resonant elements are 
electromagnetically induced by the incident far-field propagation. The radiative mode 
(peak) occurs in that process and this mode can influence the near-field coupling effect 
in short distance with the adjacent elements. This interaction results in the non-radiative 
(dip) mode which is a significant condition of the Fano effect in the spectral response. 
The surface wave is related to the charge distribution associated with a dipole moment. 
Hence, the occurrence of an anti-phase current configuration is dealt with the coupled 
SPP mode in plasmonic structures. 
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The electromagnetic theory of the Fano resonance in plasmonic metamaterials [140, 
141] is presented to study the effect in connection with the general dispersive and lossy 
properties of the media. Here, the angular frequencies and intrinsic losses of the bright 
and dark modes are defined as  and , and  and , respectively. The parameters 
 and  indicate a resonant peak and dip. The parameters  and  determine a high 
and low damping of an asymmetric line-shape, respectively. The classical Fano function 
is modified to include a factor associated with the resonance contrast as briefly 
expressed as  
 =  	
		       (3.5) 
 =  !          (3.6) 
 = 	"!        (3.7) 
The term  represents a magnitude of the bright mode (peak) based on a symmetric 
lorentzian profile, while # is a modulation damping parameter by applying the intrinsic 
losses as expressed as  
# = 4 !
"        (3.8) 
The term ∆ is the phase difference of the asymmetric resonant frequency due to 
coupling between the dark and bright mode as 
 Δ = ±         (3.9) 
3.3 Fano-resonance in a two-layer metamaterial  
3.3.1 Metamaterial design 
By analogy with the grating configuration [45], the structure must possess two attributes 
of a resonant asymmetric profile consisting of the peak (radiative mode) and the dip 
(non-radiative mode). In the microwave regime, the configuration based on two layers 
of the grating strip arrays with a dielectric spacer is an example showing the coupled 
SPP behaviour. In addition, a square patch array can behave as a truncated grating strip 
and can be modified to produce a switched polarisation response. In this section, a two-
layer metamaterial consisting of two identical patch arrays is designed and studied. The 
selection of a square patch array is considered in a geometric layout that is able to form 
the SPP-like behaviour in the microwave regime. Also, the benefit of using a square 
patch based design is less sensitive to polarisation due to its higher degree of symmetry 
than short wires.  
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Fig. 3.2 illustrates the physical layout of the metamaterial formed by a planar dielectric 
slab with electric permittivity () and magnetic permeability ((). The coupling 
mechanism of two symmetric layers based on identical arrays of square patch elements 
which are positioned on the top and bottom surface of the dielectric slab. The resonant 
frequency is determined by the period in a patch array and the physical dimensions of a 
metallic patch element. The primary investigation is started with the observation of 
resonance behaviour in two conditions: (1) the resonant patch in a coupled lattice and 
(2) the properties of dielectric materials.    
 
 
Figure 3.2: Geometry of the configuration of a patch based double layer metamaterial. 
 
Initially, a lossless material with a unity dielectric constant (i.e. air) as an ideal dielectric 
material was used to study this type of metamaterials. Therefore, the material properties 
are referred to as  =  and ( = (,   and ( are electric permittivity and magnetic 
permeability of a free space, respectively. The Fano-resonance metamaterials are 
characterised by a scattering response. The resonant frequency is targeted at 10 GHz. 
The corresponding wavelength (λ) is 30 mm which is used to determine the period (P) 
in a patch array to be approximately )/2  in length, giving the grating frequency at ∼20 
GHz. The length (L) of a square patch determines the resonant frequency.     
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3.3.2 Characteristics of the Fano-resonance metamaterials 
The basic characteristics of the Fano-resonance metamaterials are observed from the 
transmission and reflection coefficients. The investigation of the geometric two-layer 
metamaterials is performed by HFSS simulation as detailed in Appendix A. With the 
field interaction, the occurrence of the Fano effect is found at the designed frequency. 
Fig. 3.3 shows the Fano-resonance profile obtained for the design in which the dielectric 
medium is assume to be a lossless material with the unity dielectric constant. The 
dimensions of the unit-cell are 15x15 mm2 corresponding to a half wavelength at 10 
GHz. The dimensions of the copper patches are 13x13 mm2. The dielectric thickness is 
1.0 mm corresponding to 1/30 of the target wavelength. The electromagnetic response is 
characterised by studying both the magnitude and phase responses of transmission and 
reflection coefficients.  
 
As a result, the profile of the resonance behaviour exhibits two modes in transmission. 
The points of the peak and dip attributes are located at 10 GHz and 11.2 GHz leading to 
a narrow frequency window due to strong electromagnetic coupling between the patch 
arrays. The asymmetric line-shape is the signature of the Fano resonance. In addition, 
the phase behaviour of the reflection and transmission shows a phase-shift of 180° 
across a resonant region. The two patch arrays are out of phase due to coupling effects 
of a harmonic oscillator system [53]. The occurrence of the first phase change is located 
at the frequency of the zero reflection magnitude because of the oscillation of patches 
under the external field excitation. While the second phase variation is related to the 
coupling field causing the zero-amplitude transmission. It is seen that the attribute of a 
resonance condition is associated with the effect of the extraordinary optical 
transmission in the opposite dip location [45].  
   
     
 
 54 
 
(a) 
 
(b) 
Figure 3.3: Simulation results for the transmission and reflection of the base-line two-
layer metamaterials with a period of 15 mm and the patch length of 13 mm, (a) 
magnitude and (b) phase. 
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As discussed in the studies of a two-layer structure in [135], the effect of the Fano 
resonance and the Fabry-Perot resonance clearly shows different characteristics and the 
resonance profile in the electromagnetic property. It was found that the attribute of the 
trapped mode (absorbance) occurs only in the context of the Fano-resonance effect. 
Therefore, the asymmetric line-shape of Fano resonance can distinguish from the 
behaviour of Fabry-Perot resonance characterised by a symmetric profile. The 
characteristic of a trapped mode is the significant nature encountered in the frequency 
region in the vicinity of the transmission peak and refection peak (transmission dip). 
The thickness of a dielectric spacer in this work is a key factor in determining the near-
field characteristics. While the study based on the Fabry-Perot approach [135], the layer 
separation was larger without causing coupled perturbation. 
 
3.4 Investigation of Fano-resonance metamaterials  
3.4.1 Properties of a one-layer square patch based array   
For design of metamaterials with two or more layers of patch based arrays, it is 
necessary to carry out a study of the properties and characteristics of a one-layer patch 
array in detail. The response is referred to as a background for the one layer structure 
without the near-field coupling effect. Fig. 3.4 shows the transmission and reflection 
characteristics of a single layer square patch array. The period of the array (P) is 15 mm 
corresponding to a half wavelength at the frequency of 10 GHz. Four designs with 
different ratios of L/P values of 0.3, 0.5, 0.7 and 0.9 are investigated. Hence, the patch 
lengths (L) are 3.5 mm, 7.5 mm, 10.5 mm, and 13.5 mm, respectively. The results of 
simulation based on the Floquet theory in Fig. 3.4 show that the transmission and 
reflection behaviours have a significant dependence on the value of L/P. The grating 
frequencies in transmission are 19.68 GHz, 18.35 GHz, 18.76 GHz, and 19.96 GHz, 
respectively. The magnitude of transmission decreases significantly with frequency as 
the ratio of L/P or the value of L decreases and the corresponding reflection magnitude 
increases. For larger values (0.7 and 0.9) of L/P, the change is transmission and 
reflection is smoother, while it is much sharper for small values of L/P, 0.3 and 0.5, 
respectively. The effect of L/P on the grating frequency is further studied over a large 
range of L/P and the results are shown in Fig. 3.5. The dependence of grating frequency 
on L/P has a symmetric behaviour with respect to the value of 0.57. The range of the 
grating frequency is from 18.25 GHz and 20 GHz over a variation of the ratio of L/P 
from 0.2 to 0.95.  
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(a) 
 
(b) 
Figure 3.4: Simulation results of electromagnetic characteristics for a one-layer patch 
array for different ratios of L/P consisting of 0.3, 0.5, 0.7, and 0.9 (P = 15 mm), (a) 
transmission and (b) reflection.  
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Figure 3.5: Simulation results for the location of the grating resonance as a function of 
the ratio L/P (P = 15 mm). 
 
3.4.2 Effect of the L/P ratio in two-layer metamaterials 
The configuration of the two-layer metamaterials is investigated for the period value of 
15 mm and the free space separation of 1 mm between two square patch arrays which 
are aligned to each other. Fig. 3.6 shows the transmission and reflection behaviour of a 
two-layer design and that of the one-layer array in the material for L/P ratios 0.9, 0.5, 
and 0.3. This study illustrates the relationship between the resonance condition of the 
patch element and the grating response of an array configuration. For the L/P ratio of 
0.9, the peak and dip of the Fano resonance occur at ∼10 GHz and ∼11 GHz as shown in 
Fig. 3.6(a). Away from the frequency region of the Fano resonance, the behaviour of the 
two layer material is similar to that of the single array. In the case of the L/P ratio of 
0.5, the first resonance (peak) of the two-layer metamaterials occurs at ~18 GHz, in 
contrast to the trough of the single (array) around the same frequency as can be seen in 
Fig. 3.6(b). This resonance characteristic is graphically similar to the effect of the 
electromagnetically induced transmission (EIT) [59]. In the case of the L/P ratio of 0.3, 
the transmission characteristics of a single-layer and two-layer materials are shown in 
Fig. 3.6(c). There is no sharp resonance in the spectral frequency due to the influence of 
the grating response. It is concluded that the Fano-resonance interference is limited 
when the patch elements resonate at higher frequencies than the grating response. The 
results in Fig. 3.6 show that in order to obtain the Fano resonance in the two-layer 
metamaterials, the ratio of L/P should be selected to be in the range of 0.5 / /0 / 1.	     
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(a) 
 
(b) 
 
(c)  
Figure 3.6: Simulation results for the defect mode in the metamaterials with different 
ratios of L/P, (a) 0.9, (b) 0.5, and (c) 0.3 (P = 15 mm). 
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Figure 3.7: Simulation results for the Fano effect for various values of the inter-layer 
separation (t). (P = 15 mm), the single-layer design (background) the ratio L/P is 0.9.   
 
3.4.3 Effect of the ratio t/P  
The coupling level is connected to the separation between a pair of identical patch 
arrays. This condition also involves to the Fabry-Perot approach. Fig. 3.7 shows the 
effect of the inter-layer separation (2) (the thickness of an air dielectric) on the 
resonance behaviour in the two-layer metamaterials. The periodic value of P is 
maintained as a half wavelength of 15 mm corresponding to 10 GHz. The ratio of L/P is 
fixed as 0.9 (13.5 mm). In this study, a parametric variation of the ratio t/P consists of 
0.05, 0.1, 0.5, and 0.8. The transmission responses are observed and compared with that 
of the single layer. The term of the frequency window is defined by a band between the 
locations of the peak and dip of the Fano resonance. As a result, the responses are 
observed that the frequency windows of the Fano resonance are extended by the 
increase in the ratio t/P. However, no frequency window can be defined for the t/P ratio 
between 0.5 and 0.8, no sharp dip is presented in the transmission response. As the 
ration of t/P (or t) increases the resonance becomes broader indicating decreased 
electromagnetic near-field coupling as a dielectric thickness is increased.  For the ratio 
of t/P = 0.8, another resonance peak is observed at 13.7 GHz at which the Fabry-Perot 
approach agrees with the reflection phase of -163° (at 13.7 GHz).  
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Figure 3.8: Simulation results for the relation of the Fano effect as a function of the 
different ratio t/P. 
 
Fig. 3.8 describes the relation of the Fano effect based on the normalised inter-layer 
thickness 2 in connection with the ratio t/P in a range over 0.01−1.0. The normalised-
frequency is dealt with respect to the frequency 34 of 10 GHz. Here, there are three 
attributes connected to this investigation consisting of the Fano peak, the Fano dip, and 
the Fabry-Perot peak as pictured in Fig. 3.7. It is seen that the association between the 
Fano dip and the Fabry-Perot peak is relied on a inter-layer distance as a function of 
wavelength due to the coupling level of the interfacial near-field [142]. The attribute of 
the Fano peak is associated with the extraordinary transmission and also considered as 
zero-order transmittance. In this case, two modes can be considered consisting of the 
coupled SPP mode along with the cavity mode in the similar context of the metallic 
grating structure [143]. As the ratio of t/P increases, the frequencies of the Fano peak 
(radiative mode) decrease, while the frequencies of the Fano dip (non-radiative mode) 
increase. It is shown that the Fano peaks at the normalised-frequency are relocated from 
∼1.1 to ∼0.4 depending on a level of the coupled SPP strength.  
 
3.4.4 Effect of the patch period (P)  
 
In this section, a resonance condition of the Fano effect is studied as a period of the 
patch arrays is changed. The period is varied with respect to the wavelength (λ) at a 
fixed frequency (3) of 10 GHz. Fig. 3.9 shows the normalised peak and dip frequencies 
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of the Fano resonance as a function of P/λ for four different inter-layer distances 
(values of t/λ). In the previous investigation, the period in a design target was 
determined by 0 = 0.5λ and it was shown that the ratios of /0 and 2/0 should be 
less than 0.5 to in order to achieve the Fano resonance. Here, the parametric study is 
performed for the ratio of P/λ0 between 0.1 and 0.65. The difference in the coupling 
conditions is studied in a variation of the inter-layer separation (t) of 1.5 mm (0.05λ0), 3 
mm (0.1λ0), 4.5 mm (0.15λ0), and 6 mm (0.2λ0). The ratio L/P is maintained as 0.9 in 
all of cases which means the radiative mode of the Fano resonance is not maintained at 
10 GHz.   
 
 
Figure 3.9: Simulation results of the resonance effect as a function of the ratio P/λ0 in a 
variation of t/λ (a) 0.05, (b) 0.1, (c) 0.15, and (d) 0.2. 
 
As shown before, the response of the Fano resonance as a period changed is associated 
with the grating frequency of a one-layer patch array. Hence, the variation of the period 
is able to control the grating frequency. As a period is decreased, the grating or cut-off 
wavelength )5 shifts to the higher frequency. This behaviour can lead to broadening 
of the peak or radiative mode of the Fano resonance. Also, the trapped mode dominates 
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and it enhances the supper-radiation mode. It is shown that the ratio of P/λ0 plays a role 
in the location of the dip and a condition of the transition state of the Fabry-Perot effect. 
There are three cases in which the Fabry-Perot effect occurs resulting in the ratio P/λ0 of 
∼0.2, ∼0.3, and ∼0.4 with respect to the ratio t/λ0 of 0.1, 0.15, and 0.2, respectively.     
 
 
Figure 3.10: Configurations of the dipole-dipole interaction. 
 
3.5 Anti-phase current configuration  
The electromagnetic activity of materials can influence a polarisation based on an 
induced charge distribution creating an electric dipole or quadrupole effect as a class of 
the multi-pole configuration [144]. The orientations of the dipole and quadrupole are 
illustrated by a charge density with a displacement (67) between two opposite sign 
charges (±). The dipole moment can be presented as 87 = ±67 in a coupled opposite 
sign charges. In addition, the polarisation vector is given by 097 = :87  where N refers to 
as the number of electric dipoles per unit volume in medium. The behaviour of the 
dipole polarisation causes an electric dipole moment as a vector which is referred to as 
the lowest-mode multipole. The paired charge separation results in the polarised current 
density as  
;7< = =<97=>         (3.10) 
This term is included in the Maxwell’s equation which is performed in HFSS simulation 
package. In consideration with a coupled dipole moment in space, the extension of the 
coupling phenomenon shows the interaction force. Fig. 3.10 illustrates the relation of 
coupling of two dipole moments between 097 and 097 which interact at the distance, ?7 
[29].  
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Figure 3.11: The quadrupole and anti-phase distribution in the two-layer metamaterials. 
 
In this work, the observation of the electromagnetic behaviour on a pair of identical 
patch arrays can be illustrated in the same context as the coupled surface plasmon 
polaritons (SPPs) [45]. The effect on a charge and polarisation in coupled patches as a 
parallel configuration results in the coupled dipole moments under an excitation of the 
electromagnetic field. In that, the formation of charge distributions can influence each 
other which cause a field interaction leading the coupled interfacial surface wave.  
 
Fig. 3.11 illustrates the understanding of a physical insight with assistance of a charge 
and current configuration. In the cross-sectional view, electric charges on the front 
patches are produced by incident field leading to the creation of the polarisation current 
@;7A behaved as a dipole moment. As the back patches are able to induce near-field 
energy from the front patches, the charge behaviour can cause an anti-phase current as a 
dipole-dipole interaction with the phase-changed behaviour in a reactive near-field 
distance. The presence of the quadrupole is occurred by electric charge arrangement 
near a space between the adjacent edges between four patches in two arrays. Therefore, 
the behaviour of a surface current distribution is referred to as a coupled SPP mode.  
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To understand the physical insight of the geometric structure of two patch arrays, 
surface current configuration associated with the Fano-resonance effect is studied. It is 
seen that the behaviour of surface current distribution on two patches is a mimic of the 
coupled SPPs. Similar to the effect in a dielectric grating excited by microwave 
radiation [145], the charge distribution in planar array configuration causing a surface 
electromagnetic wave as a SPP-like behaviour depends on an array period and a patch 
length as illustrated in Fig. 3.12. It is evident that surface current distributions at the 
selected frequencies of 8 GHz, 10 GHz and 11.2 GHz provide the anti-phase signature 
which correspond to a key feature of the characteristics of the Fano resonance are 
shown in Fig. 3.3.  
 
The vector surface current is caused by the orientation of electric charges when it 
interacts with the incident wave in the top patch array (entrance side). The near-field 
coupling induces a similar current in the bottom patch array (exit side) and the coupling 
process on an anti-phase current configuration leads to the occurrence of coupled SPP 
modes. As seen in Fig. 3.12(a), the current density in bottom array is negligible at 8 
GHz. But at 10 GHz, the top patch elements are able to oscillate and produce the 
coupled near-field with the bottom patch array. The current distribution on two patches 
illustrates the same magnitude but the current direction is different as an anti-phase as 
shown in Fig. 3.12(b). This attribute results in the radiative mode which the peak of the 
Fano resonance is revealed in a transmission response. As the frequency beyond 10 
GHz (peak position), a vector current changes its direction. This mode also operates in a 
coupling of the oscillation excited by a reactive near-field and 180° out of phase. It 
shows that anti-phase current distribution with the same magnitude resulting in the non-
radiative mode which a dip of the Fano resonance at 11.2 GHz as shown in Fig. 3.12(c). 
Hence, the characteristic of the trapped-mode resonance (absorbance) is established 
between two frequencies and it is the signature of Fano resonance.     
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(a) 
 
(b) 
 
Figure 3.12: Simulation results for the current configuration of the Fano effect as a 
period of 15 mm and the patch length of 13 mm at (a) 8 GHz, (b) 10 GHz, and (c) 11.2 
GHz. 
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3.6 Material characterisation of Fano-resonance metamaterials 
With the dielectric material is excited by electromagnetic radiation based on a dipole-
dipole coupling, the ordinary properties such as magnetic permeability and electric 
permittivity are affected and transformed to non-linear behaviour by the interference 
effect. In nature, the ordinary medium provides static material properties of electric 
permittivity and magnetic permeability with the ability to support the electromagnetic 
field. Here, the appearance of the Fano resonance is able to modify a complex function 
of material properties of the permittivity and permeability as defined as  = B + DBB 
and ( = (B + D(BB, respectively. In [146], the plasma frequency is introduced in the 
microwave operation that involves a complex function of the material properties are 
expressed as     
 = EE = F1 −
HI
	J!IK     (3.11) 
( = LL = F1 −
HM
	J!MK      (3.12) 
where NO and NP are an electric and a magnetic plasma frequency, respectively. The 
material loss term describes a damping frequency in the electrical components, NO and 
the magnetic component,	NP. In a lossless medium, the damping terms disappear from 
equations (3.10) and (3.11) and εr(ω) and µr(ω) can be re-written as 
 = 1 − HI       (3.13)      
( = 1 − HM       (3.14) 
In connection with the complex index of refraction, the identical properties in the 
plasmas and damping frequencies can be expressed as N = NO = NP and  = O =
P. By dealing with the electric permittivity and the magnetic permeability, the 
expression of the refraction index can be determined by 
Q = R(      (3.15) 
Q ≈ 1 − H − D
!H
T       (3.16) 
In addition, the complex impedance (z) is influenced by a complex function of the 
permittivity and permeability as expressed as   
U = VLE        (3.17) 
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In association with the electromagnetic response, the retrieval method [147] of material 
characterisation to obtain permittivity and permeability is connected with the scattering 
or S parameters consisting of the reflection and transmission responses as described in 
Appendix B. The expression of refraction of index and impedance can be determined by 
[148] 
Q = W XYZ [ \] 1 − ^ + Z _        (3.18) 
U = VF	\]]\]\]]\] K           (3.19) 
The parameter,	6, refers to a thickness of the two-layer structure and also the parameter, 
`, is a wave number. Therefore, the relations in (3.15) and (3.17) can be rewritten and 
the effective medium properties consisting of electric permittivity  and magnetic 
permeability ( are determined by complex impedance and refractive index as 
 = Q/U and  (() = QU . 
 
Fig 3.13 shows the response of complex material properties of the Fano-resonance 
metamaterial consisting of electric permittivity and magnetic permeability. The lossless 
condition of an air-interior medium is considered in the Fano-resonance profile in which 
the locations of a peak and a dip are at 10 GHz and 11.2 GHz, respectively. The 
anomalous behaviour of electric permittivity and magnetic permeability are exhibited in 
a frequency window of the Fano effect. The condition of () = 0 is associated with 
the plasmas frequency that is located at the peak of the Fano line-shape as shown in Fig. 
3.13(a). The effect shows the capability of the metamaterial to contribute the enhanced 
transmission. The complex function of magnetic permeability occurs in the frequency 
window between the peak and the dip of a Fano profile as illustrated in Fig. 3.13(b). 
The real part of magnetic permeability presents a near-zero value between the peak and 
the dip of the Fano-resonance profile leading to the resonant absorption.   
 
It is found that a region between the peak and the dip of the Fano resonance effect can 
illustrate a complex function of electric permittivity and magnetic permeability. This 
feature can introduce the characteristics of frequency responses of electric permittivity 
and magnetic permeability as expressed as () = (1 + aO and ( = (1 +
aP. The imaginary terms present electric and magnetic susceptibility leading to the 
appearance of loss in which the trapped mode occurs in that region. It is seen that the 
characteristics of a coupling as magnetic responses can be clearly observed in purely 
positive and negative values of a real part of the permeability. The corresponding 
 68 
attributes of magnetic permeability behaviour is connected to two modes of the anti-
phase current configuration at the peak and the dip locations of the Fano effect as seen 
in Fig. 3.11(b) and (c). 
 
 
 
(a) 
 
(b) 
Figure 3.13: Simulation results for the complex properties of the metamaterial, (a) the 
electric permittivity and (b) the magnetic permeability. 
 
3.7 FR4-based metamaterials 
In this section, the study of the Fano-resonance metamaterials is carried out in use of the 
widely FR4 dielectric material which is a lossy material in the frequency range of 
interest. The presence of a resonance condition is demonstrated in the same way as for a 
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lossless material in the previous sections. The electric permittivity and loss tangent of 
the FR4 material are 4.1 and 0.02, respectively at 8∼10 GHz [149]. The Fano-resonance 
metamaterials can be designed to operate at the target frequency of 15 GHz which is a 
part of the Ku band in satellite communications. The guided wavelength of the FR4 
dielectric can be determined to be roughly ∼10 mm (λg) by ) √⁄ . Therefore, a half 
wavelength period for a patch array is 5 mm. The length of a square patch element is 4.5 
mm. The FR4-based metamaterial is studied by a parametric variation of the thickness 
that is connected to the coupling level. The electromagnetic properties are studied in 
order to observe the Fano effect. The thicknesses of the FR4 dielectric board used in the 
design work are 0.2 mm, 0.8 mm, and 1.6 mm, respectively. Therefore, the normalised 
thicknesses (t/λ0) in three case studies are 0.02λg, 0.08λg, and 0.16λg, respectively.  
 
Fig. 3.14 shows the characteristics of the coefficients of transmission, reflection, and 
absorption of the FR4-based metamaterial. The absorption is determined by c =
	1 − d − e. It can be observed that the peaks of transmission resonance occur at 
frequencies of 15.6 GHz, 13.84 GHz, and 11.65 GHz with respect to the FR4 thickness 
of 0.2, 0.8, and 1.6 mm, respectively. Due to the strong coupling effect, an asymmetric 
line-shape is clearly obtained in Fig. 3.14(a) which is for thinnest (0.2 mm) FR4 board, 
i.e. ∼λg/100. The lower peak transmission is a result of the effect of the finite dielectric 
loss in a FR4 material. The increase in FR4 thickness can influence the level of a 
coupling effect and a resonance condition. The behaviour results in a shift of the 
transmission peak towards the low frequency side and a broader resonance. It results 
from the reduced coupling of the near-field effect and the level of the resonance 
transmission increases as a result of less field strength in the FR4 material. Also, the 
distinctive attribute of the resonant absorption is maximum absorptance of 0.5 
associated with the thinnest FR4 thickness of 0.2 mm. The resonant absorption becomes 
weaker as a FR4 thickness increases. The resultant absorption rate of 50% (0.5) can be 
considered in the impedance characteristics in terms of energy conversion efficiency 
determined by 0f> 0gh⁄ . It is shown that the matched impedance condition is obtained 
when two wave impedances in a free space (∼377Ω) at the entrance side (source) and 
the exit side (load) interact with impedance of the metamaterial. The characteristic 
impedance of the sharp Fano resonance in the thinnest FR4-based metamaterial 
becomes extremely small (near-zero) due to the strong magnetic response associated 
with the current distribution.  
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(a) 
 
(b) 
 
(c) 
Figure 3.14: Simulation results for the electromagnetic response for the FR4-based 
metamaterial in a variation of the thickness, (a) 0.2 mm, (b) 0.8 mm, and (c) 1.6 mm. 
 
 71 
3.8 LCP thin film based metamaterials 
The employment of an LCP thin-film based dielectric material is investigated to study 
the Fano resonance effect due to its low dielectric loss and availability in thin film form. 
The LCP thin film (Ultralam 3850, Rogers) with a thickness of 100 µm is used as a 
dielectric spacer between a pair of copper based patch arrays. The electric permittivity 
and loss tangent for the LCP film are 2.9 and 0.0025, [150]. The target operating 
frequency is 10 GHz which leads to the guided wavelength )i of 17.6 mm so the 
equivalent film thickness in wavelength is λ/176. The array period of 8.6 mm is about a 
half wavelength. The dimensions of a square copper patch are 8.5x8.5 mm2.   
 
Fig. 3.15 shows the characteristics of transmission, reflection, and absorption for period 
values of 8.6 mm, 9.0 mm, and 10.4 mm, respectively. It can be seen that sharp Fano 
resonances are obtained. The locations of the transmission resonance peaks are at 10.07 
GHz, 10.08 GHz, and 9.97 GHz, respectively. In contrast, the transmission dips are 
located at 10.36 GHz, 10.26 GHz, and 10.16 GHz, respectively. As a result, the 
appearance of the resonant absorption in all cases is at ∼10.1 GHz and the magnitudes 
of absorptance are 48%, 49%, and 47%, respectively. These results illustrate the effect 
of period values in patch arrays which influence on the characteristics of wave 
impedance in the thin LCP film based metamaterials. When the value of a period is 
larger, the Fano resonance becomes weak as shown in Fig. 3.15(c).  
 
Fig. 3.16 illustrates a physical insight of the surface current distribution as a vector 
profile on the top and bottom copper patch elements at two frequencies of 9.9 GHz and 
10.4 GHz corresponding to a transmission peak and dip of the resonance characteristics 
in Fig. 3.15(b). The behaviour of the anti-phase current configuration based on a charge 
arrangement is evidently observed on the top and bottom patches in opposite direction 
at 9.9 GHz in Fig. 3.16(a). Also, that current behaviour is turned in direction at 10.4 
GHz in Fig. 3.16(b). The current behaviour is similar to that in Fig. 3.12 and it is the 
result of dipole-dipole interaction between patches.  
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(a) 
 
(b) 
 
(c) 
Figure 3.15: Simulation results for the electromagnetic response for LCP-based 
metamaterials in a variation of the period, (a) 8.6 mm, (b) 9.0 mm, and (c) 10.4 mm. 
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(a) 
 
 
(b) 
Figure 3.16: Simulation results for the surface current configuration on a pair of coupled 
patches at the resonance mode of 9.9 GHz and 10.4 GHz. 
 
 
Fig. 3.17 also illustrates the field distributions which relate to the electromagnetic 
behaviour of the anti-phase current configurations at 9.9 GHz and 10.4 GHz. The results 
show that the electric field distribution is along a direction of the electric field excitation 
as expected. The characteristics of the magnetic moment based on an electric 
quadrupole at the edges of patch elements in two layers can be created in a region 
between four adjacent patch pairs. The formation of the four electric poles can interact 
with each other resulting in the strong electric field as seen in Fig. 3.17(a) and (c). The 
strong magnetic field distribution is also generated due to the coupling behaviour of the 
electric dipoles on top and bottom patches as illustrated in Fig. 3.17(b) and (d).  
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(a) 
 
(b) 
 
(c)  
 
(d) 
Figure 3.17: Simulation results for the field distribution of the LCP-based metamaterial, 
(a) E field and (b) H field at 9.9 GHz (Fano peak), (c) E field and (d) H field at 10.4 
GHz (Fano dip). 
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3.9 LCP based metamaterial as near-perfect absorbers 
This section describes the design of near-perfect absorbers which are similar as a high 
impedance surface (HIS) structure. It is shown that the existing HIS configurations play 
a major role in a total reflector with a zero reflection phase. But this design is focused 
on a zero reflection magnitude which is behaved as a perfect absorber. The microwave 
absorption based on a SPP-like behaviour is obtained in association with the Fano-
resonance metamaterial. With the identical configuration as discussed in Section 3.8 but 
replacing the bottom patch array with a blank copper layer, the resultant structure can be 
developed to an effective absorber by applying the electromagnetic image theory [151]. 
Each patch array can be reflected on a perfect electric conductor (PEC) to create a 
mirror image of the same patch array. The resonance condition is determined by a 
physical structure and good reflection property is also obtained by good impedance 
matching considering the design of a patch array and a spacer thickness for the LCP 
film material. In operation, the perfect metal surface behaves as an electromagnetic 
reflector and also a barrier to block the field transmission. It can cause ideally a zero 
transmission leading to the creation of the high (infinity) impedance in considering as a 
transmission line model due to the resonance condition. In addition, the wave 
impedance is associated with the ratio of the transverse components of electric and 
magnetic fields in the front interface. Therefore, the behaviour of the resonant 
metamaterial absorber is analysed using wave impedance to achieve a matched 
condition. In association with the electromagnetic mirror, the appearance of the image 
current distribution on a conducting plane is equivalent to the fictitious patch array 
[152]. Fig. 3.18 illustrates the geometric layout of the near perfect absorber.  
 
 
Figure 3.18: Geometry of the perfect resonant absorber based on the Fano-resonance 
metamaterial.   
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(a) 
 
(b) 
 
(c) 
Figure 3.19: Simulation results for the resonant metamaterial absorber in a variation of 
the period (P), (a) 8.6 mm, (b) 9 mm, and (c) 10.4 mm. 
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Fig. 3.19 shows the electromagnetic characteristics of resonant absorbers for varied 
period values of 8.6 mm, 9.0 mm, and 10.4 mm, respectively. The levels of a peak 
absorption are 90%, 90%, and 98%, respectively, whereas the values in transmission 
properties are nearly zero (0.005∼0.0065%). The effect of the small resonant 
transmission is influenced by a induced current and a charge configuration on a mirror 
conductor due to the scattering process. In accordance to a condition of the resonant 
transmission, the reflection is minimised at the resonant frequency which is able to trap 
the incident field. This behaviour can result in the resonant impedance matching. The 
observed levels of the minimum reflection magnitude are 31.4%, 27.6%, and 14.2% 
corresponding to period values of 8.6 mm, 9.0 mm, and 10.4 mm, respectively. The 
reflection magnitude shows the ability of the electromagnetic wave-impedance 
matching. In this work, a change in reflection coefficient is due to the variation of 
periods in a patch array. The patch dimension dominates the resonant frequency in this 
design.       
 
Fig. 3.20 demonstrates a configuration of the surface current distribution in magnitude 
and vector profile at the responding frequency of 10 GHz. It is shown that the presence 
of an image current on the conducting plane is related to a patch source. The 
coincidence of the current density is observed in the same magnitude but a 180° phase 
difference is seen. Therefore, the anti-phase current configuration can be obtained 
causing the resonant effect similar to that shown in Fig. 3.16.    
 
Fig. 3.21 illustrates electric and magnetic field distribution at the absorption frequency 
of 10 GHz. The results show the field distribution along a direction of the incident 
electric field. Due to the patch-array equivalence on a complete metal surface, the 
arrangement of the four electric poles provides a strong electric field near the edge of a 
pair of patch elements. The response of strong magnetic field is also obtained in a space 
between layers due to the anti-phase current configuration. This behaviour of the 
electromagnetic activity is similar to that shown in Fig. 3.17.   
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(a) 
 
(b) 
Figure 3.20: Simulation results for the behaviour of the surface current on two copper 
elements in the unit-cell including (a) the top patch element and (b) the perfect 
conductor at 10 GHz. 
 
(a) 
 
(b) 
Figure 3.21: Simulation results for the field distribution (a) the electric-field and (b) the 
magnetic-field d at 10 GHz for the near-perfect resonant absorber based on a LCP 
material. 
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3.10 Metamaterial fabrication 
The metamaterial designs are fabricated using a surface micromachining technique. 
Three design configurations as described in the previous sections are implemented; an 
FR4 spacer, an LCP film, and a patch array with a blank copper layer on each side of an 
LCP film. A liquid photoresist (AZ9260) for thick film, high resolution application was 
used. The thicknesses of the FR4 board and the LCP thin film are 1.6 mm and 100 µm, 
respectively, the thicknesses of a double cladding copper are 35 µm and 18 µm, 
respectively. The alignment marks are drilled holes and are used to match the patch-
array patterns on both sides of a dielectric material. 
         
 
Figure 3.22: Schematic of the fabrication steps for the FR4 based two-layer Fano-
resonance metamaterials. 
 
Fig. 3.22 shows the schematic diagram of fabrication steps. Firstly, the dielectric 
material with a cladding copper was cleaned in diluted DCON-99 liquid. Then, the 
positive AZ9260 photoresist was deposited on each side of substrate using a spin-
coating method. The thickness of a photoresist layer was 10 µm at a spinning speed of 
2400 rpm for 60 seconds. The dielectric substrate was based on a hotplate at 100°C for 
three minutes. After that, the photoresist coated substrate was removed from the 
hotplate and left to cool down at room temperature for ∼30 minutes. The UV exposure 
was performed using a thin film based photomask at an energy dose of 500 mJ. Next, 
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the AZ 400K developer diluted with pure water at a ratio of 1:4 was used to remove the 
exposed regions of a photoresist layer. The exposed copper was then etched away using 
a ferric chloride solution. The final stop is removed a photoresist film. Hence, the 
copper layout is produced by the pattern of a patch array. The process is repeated for 
another side of a dielectric substrate to fabricate the second patch array as necessary. 
Then, two aligned identical square copper patch arrays one on each side of the dielectric 
material was obtained to complete fabrication of the two-layer metamaterials.  
 
 
 
Figure 3.23: A photograph of the FR4 metamaterial. 
    
Fig. 3.23 shows a fabricated FR4-based metamaterial, each copper patch array consists 
of  21x21 elements arranged in mirror symmetry with respect to the dielectric spacer. 
The period of a patch array is 5 mm, the total array size is 105x105 mm2 corresponding 
to 4.2λ x 4.2λ at the frequency of 12 GHz.  
 
Fig. 3.24 shows pictures of two fabricated LCP thin-film based metamaterials. The 
patch dimensions are the same as 8.5x8.5 mm2, but one having a period of 8.6 mm and 
the other one of 9.0 mm. The square patch arrays consist of 12x12 elements on each 
side of a thin LCP film substrate. The total dimensions are 103.2x103.2 mm2 and 
108x108 mm2 which are ∼3.44λx3.44λ and ∼3.6λx3.6λ at 10 GHz, respectively.   
 
Fig. 3.25 shows the fabricated structure of a resonant metamaterial absorber based on 
the LCP thin-film. In this design, only one side of the cladding copper layer was 
patterned to form a patch array since a copper layer on the other side of substrate is used 
as a PEC layer. The array size is 11x11 cells and the period is 10.4 mm. The patch 
dimensions are 8.5x8.5 mm2. The total array dimensions are 114.4x114.4 mm2 
corresponding to ∼3.8λx3.8λ at the frequency of 10 GHz. 
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(a) 
 
(b) 
Figure 3.24: Photograph of the LCP-film based metamaterials for two different 
periodes, (a) 8.6 mm and (b) 9.0 mm. 
 
 
 
 
Figure 3.25: A photograph of the near-perfect resonant absorber of the LCP-film 
metamaterial with the period of 10.4 mm and patch of 8.5x8.5 mm2.  
 
 82 
3.11 Characterisation and measurement  
3.11.1 Measurement configuration 
The fabricated Fano-resonance metamaterials were characterised by a microwave 
measurement of electromagnetic properties. Fig. 3.26 shows the measurement setup. 
The sample was a metamaterial under test (MUT) and the measurement was made in an 
anechoic environment to avoid the effect of multiple reflections. A vector network 
analyser (HP8510) was used to characterise the electromagnetic property in which the 
properties of transmittance and reflectance are obtained in S-parameters, S21 and S11, 
respectively. The transmitter is a horn antenna (FlannTM model 16240-20) and the 
receiver is another horn antenna from Microwave Instruments Limited (type 
No.WI6146). A far field arrangement was used in the measurement, the separation 
between two antennas was 30 cm or 10λ at 10 GHz. The MUT was placed in the middle 
of the path between two horn antennas.  
        
 
Figure 3.26: Configuration of the measurement setting for the electromagnetic 
characterisation. 
 
It is important to perform the full two-port calibration of a VNA instrument before 
starting measurement. This was carried out using standard loads for the analyser. In 
transmission measurement, the measured signal with MUT in place is normalised to the 
results without MUT to obtain the transmission coefficient. The reflection measurement 
is conducted using the setup shown in Fig. 3.27. The measured signal from the MUT is 
normalised to a signal when a copper sheet was in place of the MUT in order to obtain 
the reflection coefficient. The reflectivity of the copper sheet is assumed to be unity.   
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Figure 3.27: The environment and setup for reflection measurement. 
 
In the free-space measurement setup, there are three conditions for consideration 
consisting of (1) the relative object size of the MUT, (2) the arrangement of absorber 
walls along a path length, and (3) the distance between a transmitter (receiver) and a 
MUT. The actual object size of the MUT is 3.5λ∼4λ in this experiment that is sufficient 
in the terms of ensuring less diffraction interference associated with the edge effect. 
Absorber walls are used in all directions. A distance of 5λ between the MUT and the 
horn transmitter was used so that a wave front of the horn antenna is close to a plane 
wave when interacting with the MUT object.  
 
3.11.2 Characteristics of FR4-based metamaterials 
Fig. 3.28 shows the reflection and transmission characteristics over the frequency range 
from 1 GHz to 20 GHz. The measurement frequency range was 7−13 GHz limited by 
the operation band of the horn antennas. The smoothing function of a VNA instrument 
is applied to obtain a better signal profile. The resonance frequency of the FR4-based 
metamaterials was measured to be 11.7 GHz corresponding to the results of simulation. 
It can be seen that good agreement between the measured results and simulation has 
been obtained. The peak transmission is about 92%.  
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Figure 3.28: The measured and simulated results of the FR4 based metamaterial. 
  
3.11.3 Characteristics of LCP-based metamaterials 
Fig. 3.29 shows the characteristics of reflection and transmission of the LCP-based 
metamaterials with a period of 8.6 mm and patch dimensions of 8.5 mm. The 
measurement was made over the frequency range of 9−11 GHz. The reflection dip and 
transmission peak are observed in the simulation and measurement corresponding to the 
frequencies of 10.1 GHz and 10.25 GHz, respectively resulting in a difference of only 
150 MHz.     
 
Fig. 3.30 also shows the characteristics of reflection and the transmission of a LCP 
based metamaterial with a period of 9.0 mm. The transmission peak and dip in the 
measured results are at the frequency of 10.5 GHz and 10.6 GHz, respectively. The 
difference between the simulation and measurement of the transmission peak is 400 
MHz.  
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(a) 
 
(b) 
Figure 3.29: The measured and simulated results of an LCP based metamaterial with a 
period of 8.6 mm, (a) reflection and (b) transmission. 
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(a) 
 
(b) 
Figure 3.30: The measured and simulated results of the LCP based metamaterial with a 
period value of 9.0 mm, (a) reflection and (b) transmission. 
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(a) 
 
(b) 
Figure 3.31: The measured and simulated results of a LCP based metamaterial absorber 
with total absorption; the period of the arrays is 10.4 mm, (a) reflection and (b) 
absorptance. 
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3.11.4 Characteristics of the resonant metamaterial absorber 
Figure 3.31 shows the characteristics of reflection (R) and absorption compared with the 
simulation results. As a result, resonance frequencies of 10.05 GHz and 9.95 GHz are 
observed corresponding measurement and simulation, respectively. The absorption 
result is obtained by c = 1 − d − e. It is shown that the measured absorption is 
reported at the peak of 100%.  
 
Table 3.1: Summary of the fabricated metamaterials. 
Metamaterials 
Resonant frequency (GHz) Peak transmission (%) 
Meas. Simul. Difference 
(%) 
Meas. Simul. Difference 
(%) 
Fano-FR4 
 
11.7 11.7 0 92 92 0 
Fano-LCP 1 10.25 10.1 1.5 62 52 19.2 
Fano-LCP 2 10.5 10.2 3.0 68 62 9.7 
LCP absorber 10.05 9.95 1.0 - - - 
 
Table 3.2: Summary of the design and measured gaps between patches. 
LCP based  
metamaterials 
Patch separation (µm) Patch length (mm) Period (mm) 
Design Fabrication Design Fabrication Design Fabrication 
Fano-FR4 500 569 4.5 4.38 5.0 4.95 
Fano-LCP 1  100 157 8.5 8.36 8.6 8.52 
Fano-LCP 2 500 540 8.5 8.36 9.0 8.9 
LCP absorber  1,900 1,918 8.5 8.34 10.4 10.26 
 
 
 
3.11.5 Discussion of the results  
The three fabricated metamaterials were studied by transmission and reflection 
measurements. The resultant characteristics of the fabricated metamaterials show the 
behaviour of the Fano-resonance effect as predicted in the design and simulation work. 
Table 3.1 shows a summary of the measured and simulation results of the resonant 
frequency and peak transmission of the fabricated metamaterials. As can be seen in 
Table 3.1, an excellent agreement has been obtained between the results of 
measurement and simulation for the FR4 based metamaterial. Since the FR4 substrate is 
much thicker than the LCP film material, the Fano resonance is much broader as shown 
in the previous sections and, therefore, the frequency and peak transmission are less 
sensitive to the design parameters. For the LCP based samples, the difference between 
the measured and simulated results in resonance frequency is between 1% and 3%.   
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Figure 3.32: The investigated results in the physical effect between the design and 
fabricated dimensions of three samples, (a) Fano-LCP 1, (b) Fano-LCP 2, and (c) LCP 
absorber.     
(c) 
(b) 
(a) 
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For the peak transmission, the measured values are higher than that of the simulation 
work. In order to determine if the difference is caused by the physical change in patch 
dimensions during fabrication and, hence, the geometric parameters between two 
adjacent patches, the gap spacing and the patch element were measured using an optical 
microscope. The values from measurement and design are given in Table 3.2. It is not 
surprising to see that the error is the largest for a small design value of 100 µm for 
sample Fano-LCP 1. The measured value for the sample after fabrication is 157 µm. 
The error is mostly caused by the wet etching process; it is a well-known effect in the 
field of microfabrication.  
     
Fig. 3.33 illustrates the responses of simulation and measurements, the measured 
dimensions in Table 3.2 were used in a simulation work. The simulated results of the 
fabricated samples according to the measured dimensions show that the actual patch 
length and period give the features with better agreement with the experimental results. 
The appearance of the Fano-resonance transmission as seen in Fig. 3.33(a) and (b) is 
close to the measured transmission magnitude. As can be seen in Fig. 3.33(c), the 
results of resonant absorption of the near perfect LCP absorber are in excellent 
agreement between simulation and measurements.    
 
3.12 Summary 
This chapter presented results of the studies on the Fano resonance in a two-layer 
metamaterial consisting of two identical patch arrays. It has been discovered that sharp 
Fano resonance can be obtained in such materials with a thin dielectric spacer. The 
effects of period, patch dimensions, and thickness of the dielectric spacer on resonant 
frequencies have been studied in detail. The surface current configurations show the 
characteristic signature of the Fano resonance in metamaterials. The experimental study 
was carried out using samples fabricated using copper clad FR4 and thin film LCP 
materials. Transmission and reflection measurements were made to characterise the 
samples. It has been shown that the measured results are in good agreement with 
simulation. In addition, the LCP based structures consisting of a square patch array on 
the front surface and a blank copper clad layer on the back surface have been designed 
and fabricated for use as metamaterial based absorbers. A near perfect absorber 
performance has been obtained. Part of the results in this chapter has been published in 
[153].
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CHAPTER 4 DEVELOPMENT OF A MICROMACHINNED AND 
CPW FED APERTURE COUPLED BROADBAND PATCH 
ANTENNA 
 
4.1 Introduction 
This chapter describes the research work on development of a broadband patch antenna 
for resonant cavity antenna applications. The patch antenna is designed to be a 
broadband source which is used for the work in Chapter 5 in the development of a 
broadband resonant cavity antenna. It is challenging to design a wideband patch antenna 
with high directivity and a wide impedance bandwidth. The feasibility depends on a 
physical design of an antenna configuration. In design of wide bandwidth antennas, the 
practical technique exploiting multiple resonances has been introduced as discussed in 
the literature review work in Chapter 2.   
 
This chapter describes the coplanar waveguide (CPW) and aperture coupled design 
found to the best impedance match over a wideband. A short-end CPW transmission 
line is implemented to feed an aperture element. The matching technique is applied to 
develop a broadband input impedance characteristic which deals with the feeding 
geometry over the target frequency band in operation. The double-tuned matching 
method is performed. The resonant patch is suspended above the coupling aperture. 
This configuration can provide input impedance with wideband behaviour and also 
enhances the radiation characteristics. The antenna configuration is an air-backed cavity 
design using an air gap between the resonant patch and the coupling aperture leading to 
no dielectric loss. The investigation illustrates a design method and the effect of the 
electromagnetic interaction such as mutual interference. In addition, antenna 
construction using a polymer rim structure shaped by laser machinery is developed 
along with microfabrication approaches for high precision fabrication of the CPW fed 
antenna structure. The results of design and simulation, fabrication and measurements 
are described. The background principles of antenna characteristics and the 
fundamentals of patch antennas are described in Appendix C and D.     
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4.2 Fundamentals of the CPW geometry 
The coplanar waveguide (CPW) is a type of transmission-line which was introduced by 
C. P. Wen in 1969 [154]. The description and analysis of the CPW configuration have 
been addressed in several features and also used in many applications. The 
configuration offers a physical structure of the signal track and the ground reference in 
the same layer. The configuration is ideal for monolithic microwave integrated circuits 
(MMIC). The two-port structure or the CPW through line is used to determine the 
effective dielectric constant and the guided wavelength which are used to design the 
electromagnetic components. Here, the CPW on a dielectric substrate of the finite 
thickness is considered and applied for a wideband antenna application. Fig. 4.1 shows 
the 2D view of the CPW structure in which the signal track and ground are located on 
the dielectric material with the finite thickness (H) and the electric permittivity of εr. 
The geometric parameters of the CPW transmission-line consist of a width of the signal 
track (Wf) in the middle and coupling gaps (G) between the feed-line and the infinite 
ground spaces. The analysis of the properties is based on a equivalent capacitance 
approach.     
 
 
Figure 4.1: A cross section of the CPW structure.  
 
The characteristic impedance of the CPW transmission-line is associated with the 
behaviour of a capacitance as [154]  
jk<l = j + jmg        (4.1) 
where                   j = 2 − 1) n(W])n(W]o )   and  jmg = 4
n(Wp)
n(Wpo ) .   
The terms of q(`), q(`4), q(`B ) and q(`4B ) are presented as complete elliptic 
integrals. The parameters of `, `4, `B  and `4B  are connected with widths of the gap and 
the CPW feed-line given by  
                       ` = rghst
uvw
xy z
{|}~	[uFvwK_xy 
       ,    `B = R1 G ` . 
                           `4 = lwlw	   , and   `4B = R1 G `4 . 
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Therefore, the expression of total capacitance in (4.1) can be rewritten by 
 jk<l = 2 − 1) n(W])n(W]o )C 4
n(Wp)
n(Wpo )         (4.2) 
Also, the term of the capacitance ratio leads to the effective dielectric constant as 
O = kvk = 1 C E ∙ n(W])n(W]o )
n(Wp)
n(Wpo )      (4.3) 
To determine the characteristics impedance, the expression can be yielded as 
   = 5kREIww = 4REIww n(Wp
o )
n(Wp)       (4.4) 
 
 
Figure 4.2: Layout of the one-port CPW discontinuities for the short-end and the open-
end designs. 
Fig. 4.2 illustrates the modification of the CPW discontinuities as a one-port structure 
which can be modelled in two types including the short-end and open-end layouts. The 
behaviour of input impedance can be expressed as a purely inductive and capacitive 
load and also varied as a periodic function associated with the electrical length. The 
type of the one-port CPW structures is able to integrate with the aperture radiators to 
form the antenna configuration.       
 
Firstly, the analysis of the open-ended or open circuit CPW structure is considered in 
capacitance which relate to the extension length 5  as 
j5 = >mh()         (4.5) 
where  is the phase constant as  REIww   and   = 23. 
In a case of a small length extension, the open-circuit capacitance can be rewritten as 
j5 = F pK 5         (4.6) 
Also, the capacitance j per unit length for a lossless CPW is expressed by 
j = k = p         (4.7) 
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Secondly, impedance of the short-ended or short circuit CPW can be expressed on 
inductance due to the physical condition to provide magnetic energy at the termination 
which is depended on the length extension as r5 at the reference plane. The expression 
of the short-ended inductance can be obtained by 
r5 = FK 4O + #4 1 − 5rs@4/pREIwwA        (4.8) 
where 2 =   and 2# =  + 2. In addition, the inductance  per unit length for a 
lossless CPW is expressed by 
 =  = p          (4.9) 
 
4.3 Fundamentals of the aperture radiator 
The aperture or slot element is a type of radiating structures which provides bi-
directional radiation. The theory of aperture antennas has been addressed for the 
physical mechanism based on the Babinet’s principle [155]. As seen in Fig. 4.3, the 
narrow aperture is surrounded by an infinite metallic plate and the feeding position is at 
the centre of the aperture. Different feeding methods can be used for an aperture 
element such as a waveguide and a planar transmission-line. The current can 
behaviourally travel around a perimeter of the aperture element. The E-field distribution 
is also induced in the aperture geometry. In mechanism, the narrow aperture element is 
represented as a complementary dipole that the radiation characteristics can behave in a 
similar way. Therefore, the antenna parameters of an aperture including impedance and 
resonance condition can be modified based on that of the dipole antennas. The relation 
of two types of the antenna structure can be considered in impedance of antennas in that 
the expression can be written by 
gNOmNO>fO =           (4.10) 
where ¡ is the intrinsic impedance of free space.  
 
The characteristics of the aperture structure can be determined by a resonance condition. 
With the feeding point in the middle as shown in Fig. 4.3, the structure of the aperture 
can be considered as a dual dipole elements. In an equivalence of a dipole, the electrical 
length in each section is able to resonate as a half wavelength. This behaviour results in 
the total length of the aperture of one wavelength. The aperture width is also specified 
as a small fraction of a wavelength [155].   
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Figure 4.3: Geometry of the layout of the narrow aperture radiator. 
4.4 Broadband patch antenna configuration and design method 
4.4.1 CPW fed and aperture coupled patch antenna  
The development of the broadband aperture-coupled patch antenna is designed and 
verified in order to contribute to the resonant cavity antenna work in Chapter 5. The 
patch antenna is treated as a driven element. There are two key design techniques based 
on a series-resonance aperture and double-tuned matching method [156], respectively. 
The short-end CPW structure is capable of wideband performance as a coupling element 
for radiating apertures [157-162]. In addition, the influence of a finite ground-plane size 
on radiation performance has been studied previously based on the geometric theory of 
diffraction (GTD) [163]. Fig. 4.4 shows the physical layout of the aperture-coupled 
patch antenna with the short-end CPW feeding. The structural configuration consists of 
the ground plane and the radiating patch separated by an air gap defined by the 
thickness of the PMMA rim and the thin LCP film. The ground-plane layer is positioned 
on top of the FR4 dielectric substrate with the thickness,	¢. The driven element is a 
narrow aperture excited by the short-end CPW line on a ground-plane layer.  
 
The structure of a CPW feed-line is composed of a signal track which is in between two 
spacing gaps. The parameters,   and , are a width and a gap of the CPW geometry. 
The length of the CPW structure is defined by  which determines input impedance. 
The aperture element is equally separated in two parts. The parameter r and r are the 
length and width of an aperture element. The polymer based rim is used to define an air 
gap thickness and to support the thin LCP film substrate. The top layer is the patch 
element fabricated on a thin LCP film. The air gap defined by ¢i is between the thin 
dielectric film and the ground-plane layer. The parameters, N and N, are the length 
and width of the rectangular patch element.  
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Figure 4.4: Geometry of the physical configuration of the short-end CPW-fed aperture 
coupled patch antenna, (a) top view and (b) cross section.  
 
 
4.4.2 Design method 
There are three elements involved in this antenna configuration which can be considered 
in a design process. The aperture element behaves as a driven radiator. The second 
element is the CPW structure that is performed as a feed-line and also behaves as a 
circuit element for matching. The characteristic of the capacitance or inductance can be 
obtained depending on an electrical length of the CPW transmission line. The resonant 
patch is a parasitic element to operate with the driven radiator by the near-field coupling 
effect. Therefore, the design methodology can be divided into three steps to complete 
the antenna configuration.      
 
• Firstly, the narrow aperture is investigated by applying the short-end feeding. 
The input impedance is characterised by simulation to study the resonance 
behaviour. The characteristics of the radiation and impedance are also observed 
in context of the edge effect of diffraction. The observation is connected to the 
ground-plane sizes. The aperture study will be described in section 4.5.1.  
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• Secondly, the CPW feed-line with the short-end is a physical part connecting 
with the input port and the aperture load. The length of a CPW line determines 
its electrical properties as a function of wavelength. Hence, this element plays a 
vital role in the impedance matching technique. The double-tuned matching 
approach based on the Wheeler’s method is able to deal with the edge bands of 
the aperture resonance by the intrinsic impedance of a CPW structure. The 
configuration and the matching effect will be discussed in sections 4.5.2 and 
4.5.3.       
 
• Finally, the radiation patch which is suspended above the aperture element is 
considered. The air-gap thickness is determined in the mutual effect influenced 
by impedance interference between the driven aperture and the resonant patch. 
In order to obtain broad bandwidth, the mutual impedance is manipulated by 
optimising the self-impedance of the aperture and patch element. The edge effect 
is also studied to observe the radiation characteristics. The design details will be 
addressed in section 4.6.  
          
4.4.3 Configuration of the HFSS Simulation 
The investigation is performed by electromagnetic simulation using the HFSS software 
tool. The simulation approach is based on the finite element method (FEM) as a 
powerful technique to analyse the electromagnetic problem. The overview of the 
analytical technique was introduced in Appendix A. Here, the HFSS tool is used to 
model an antenna design. Fig. 4.5 shows the configuration of the antenna simulation in 
the HFSS tool. The antenna configuration is composed of three antenna components 
including a patch, a CPW feed-line, and an aperture. The antenna structure is formed on 
an FR4 dielectric substrate and the radiating patch element is on a thin LCP film stacked 
with a PMMA (polymer) rim. The microwave excitation is applied at the lumped port at 
the terminal of the CPW feed-line which is connected to the signal track and the ground 
plane. The model of the antenna configuration is put in the radiation box which is 
defined by an air medium. The radiation box is a confined simulation environment 
which is truncated from the infinite space.  
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Figure 4.5: Configurations of the antenna simulation in the HFSS tool. 
  
In this work, the solution type of the HFSS simulation is set as a driven mode. The 
lumped port is based on 50-Ω impedance applied to a terminal of the CPW feed-line.  
The design of an antenna structure is drawn in the larger radiation boundary. The space 
of the radiation box is defined by quarter wavelength dimensions at the target frequency 
between the simulated structure and the boundary of the radiation box. For an accurate 
response and efficient simulation speed, spacing is made larger in the expected direction 
of the radiation which is one and half wavelengths. The target frequency is 10 GHz in 
the centre band is defined in a simulation work. The adaptive solution consists of the 
maximum number of passes and the maximum of delta S which are 10 and 0.002, 
respectively. In the frequency sweep, the simulation type is a discrete mode and the 
observing frequency range is set from 7 GHz to 13 GHz in a step size of 100 MHz to 
cover the target band. The simulating results are associated with the characteristics of 
the reflection parameter referred to as the return loss of an antenna parameter. The 
impedance characteristics can also be obtained to observe input impedance that 
influences the matching condition. In addition, the radiation performance can be 
examined based on the far-field propagation in 2D or 3D coordinates.      
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4.5 Design of the CPW-fed aperture radiators    
4.5.1 Effect of the aperture on the finite ground plane  
In order to understand the radiation characteristics, the effect of ground-plane 
dimensions on the radiation patterns of an aperture element is investigated. The infinite 
size of a ground plane is assumed in the theoretical analysis of an aperture element. Due 
to the surface electromagnetic wave, the behavior of the radiation is influenced by the 
edge effect based on the diffraction. The responses of the finite-size ground plane have 
been shown in a microstrip-fed and cavity-backed slot antenna [164], a patch antenna 
[165] and a dipole antenna at a higher frequency of 77 GHz [166].  
 
Here, the study of the aperture on the input impedance and the radiation characteristics 
is carried out by simulation. The aperture element is positioned in a variation of the 
finite size square ground planes. The ground planes of five different sizes are 20x20 
mm
2
, 30x30 mm2, 45x45 mm2, 60x60 mm2, and 75x75 mm2. The normalised scales 
with respect to the free-space wavelength at 10 GHz are determined as 0.67x0.67λ2, 
1.0x1.0λ2, 1.5x1.5λ2, 2.0x2.0λ2, and 2.5x2.5λ2, respectively.  
 
Fig. 4.6 illustrates the response in normalised impedance on the Smith chart in response 
of the aperture radiator. The plots present in the different ground-plane sizes over an 
operation range between 8 GHz–12 GHz. The resonance condition as a zero reactance is 
observed with a slight variation between 9.5∼10 GHz. The attribute of impedance 
behaviour starts from the capacitive region and then moves to the inductive zone. The 
results of the resonance condition exhibit a small difference in the resistance. The near 
perfect matching impedance is observed in the case of the finite ground plane of 20x20 
mm2 as a smallest finite-size study case. For the other cases, the corresponding value of 
the resistance decreases slightly when the finite ground-plane size is increased to more 
than one wavelength. In addition, the plots also imply the effect on the bandwidth based 
on the impedance behaviour. The SWR (standing wave ratio) circle shows the 
bandwidth limitation of the antenna characteristics due to the resistance in a conductor 
and it is fundamentally related to cross sectional area of a conductor.  
 
 
 
 100 
 
Figure 4.6: Simulation results of the normalised input impedances of the aperture 
radiator for different ground plane sizes. 
 
 
Fig. 4.7 shows the radiation pattern of the aperture radiator at 10 GHz in a variation of 
the finite ground-plane sizes in 2D and 3D patterns for the purpose in comparison. It 
can be seen that when the finite ground-plane dimensions are less than one wavelength, 
the radiation is bi-directional similar to that of the dipole element radiation (zero order 
beam). A near symmetric pattern is obtained with respect to the ground plane and the 
directivity peak is around 4 dBi. In addition, the radiation patterns in the E- and H-plane 
have similar attributes. Apart from that, the radiation patterns in the case of the finite 
ground-plane size more than one wavelength show deviation (tilted) from the normal of 
the ground plane due to the effect of diffraction from the edge of a ground plane. For the 
largest ground-plane size of 75x75 mm2, higher order diffraction produce a zero order 
beam at each side of the plane.    
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Figure 4.7: Simulation results at 10 GHz for the effect of the finite-size aperture radiator 
on the radiation characteristics (all in the same scale).  
 
4.5.2 Configuration of the CPW-fed aperture radiator 
The driven aperture is associated with the magnetic dipole behaving as a field radiator. 
The CPW feed-line is used to integrate to the aperture element as a short-end condition 
in order to interface with the signal connector. The broadband impedance matching can 
also be performed in a geometrical approach. The concept of the double-tuned matching 
technique is given and implemented. The investigation of the capability of the matching 
technique is illustrated.    
 
Fig. 4.8 shows the physical layout of an aperture radiator integrated with the short-end 
CPW feed-line. The driven aperture can radiate the electromagnetic field to couple to a 
resonant patch in the final design step. The symmetrically feeding point is considered 
and this leads to two sections of the aperture element. The length of each aperture 
section r is associated with the resonance condition as a half target wavelength. The 
aperture impedance is based on the parameters r and r. In connection with the 
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relation of equation (4.10), the aperture impedance is related to the complementary 
structure as a dipole strip. Hence, the expression of the dipole strip impedance can be 
approximated by [167] 
 
gNO = eU − D [120 FQ l G 1K cotU G ¦U_   (4.11) 
eU  G0.4787 C 7.3246U C 0.3963UU C 15.613U   (4.12) 
¦U  G0.4456 C 17.00826U C 8.6793UU C 9.6031U   (4.13) 
      where  U  `r 2⁄  and `  2 )⁄ .    
 
   
 
Figure 4.8: Geometry of the physical structure of the narrow aperture radiator. 
 
The impedance ¬ of the aperture element is examined at the boundary of the 
reference plane which is the position between the CPW feed-line and the identical 
aperture elements where they are joined. Therefore, the analysis of input impedance can 
be considered in parallel elements of which the total impedance of an aperture is 
expressed as  
B  GDmNO>fOtan	r      (4.14) 
¬  o  GD
HI¯°I
 2Qr    (4.15) 
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Here, the design parameters are related to the target wavelength and the properties of a 
substrate material. A FR4 dielectric with a single-side copper is used as a substrate to 
support an aperture and a CPW structure. The electric permittivity () and the loss 
tangent (tan ) of the FR4 material are 4.1 and 0.02, respectively. The dielectric 
thickness is 1.6 mm. At the target frequency of 10 GHz, the guided wavelength ()i) of 
the FR4 material is approximately 15 mm given by )/√. The parameters of the 
aperture element result in the length (r) as a resonance condition and the width (r) as 
a fraction of the wavelength. With the 50-Ω impedance, the parameters of the CPW 
feed-line; the width () and the gap (G) in Fig. 4.10, are determined. The dimensions 
of the CPW structure is used to calculate effective permittivity (O) and a quarter 
guided wavelength. All of parameters are listed in Table 4.1.      
 
Table 4.1: The dimensions of the CPW fed aperture radiator in millimetres. 
r r   O 0.25)i 
7.8 1.7 1.4 0.2 2.47 4.8 
 
4.5.3 Broadband matching technique  
In order to deal with the wide impedance bandwidth, the technique of the double-tuned 
impedance matching [156, 168] is applied into a configuration of the CPW-fed aperture 
radiator in this work. Technically, there are two ways to implement this method based 
on the lumped and distributed approaches [169, 170].  
 
Here, the matching technique is based on an impedance transformer that is associated 
with the physical structure of a transmission line. The electrical length of the 
transmission line () can be cut at the particular distance [171]. This effect can lead to 
the reflection coefficient of a transmission line structure with the aperture load which 
can be determined as 
Γ() = Γm²Jw        (4.16) 
In connection with the Wheeler’s method [166], the bandwidth expression for a double 
tuning resonance can be determined by  
³ = ´ √µµ = ´√¶^e − 1       (4.17) 
³ = y·Ry·        (4.18) 
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where VSWR is a voltage standing wave ratio  and 3 = R3¸ 3  for the zero reflection. 
The parameters of 3¸  and 3 are defined as the high and low frequency of the edge band, 
respectively. 
 
The calculation of the Q factor is a significant factor in dealing with the bandwidth 
[172] and also the modification of antenna dimensions can give the double-tuned 
impedance. The matching point can be considered by the Foster reactance as a function 
of the angular frequency which is illustrated as antenna impedance (¬) by [173] 
  ¬ = e¬m + e¬rr + D F¬ − k¹K = e¬ + D¦¬	    (4.19) 
e¬ = e¬m + e¬rr     (4.20) 
¦¬ = ¬ − k¹     (4.21) 
where e¬m and e¬rr are radiation and loss resistance of an antenna. The parameter ¦¬  
is the characteristics of antenna reactance composed of the inductance (¬) and the 
capacitance (j¬). Also, the evaluation of the Q factor based on an equivalent circuit 
under a lossless condition is expressed as [173]  
º = 
»¹¼ ±½¹
¾¹         (4.22) 
Therefore, the reactance part of the load impedance is considered and modified by the 
compensation of the conjugated reactance in the front section.  
 
In this context, the analysis of the transmission line is based on a classical inductance-
capacitance (L-C) model in a lossless condition. With the response of the reflection 
phase, the property of reoccurrence is obtained at multiples of 90° or 180°. In addition, 
a guided wavelength is varied as a function of frequency and this leads to the 
independent modification of impedance. Hence, the behavior of a travelling phase 
response allows the transmission line to function as an L-C network in the wideband 
impedance matching. In control of the impedance behavior, the complex aperture 
impedance in the operation range can be compensated by the intrinsic CPW 
characteristics as conjugated impedance. The variation of the CPW length can dominate 
as a periodic function of a wavelength. Therefore, the edge band is manipulated at the 
low and high frequencies whereas the middle band is maintained by a resonance 
condition with the minimum reflection.        
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Figure 4.9: Model of the impedance matching equivalent circuit of the aperture 
impedance. 
 
Fig. 4.9 illustrates the diagram of a matching transformer in connection with the 
transmission line with the distance  as considered in [174]. Under relevant conditions 
[164], two non-resonant frequencies in the edge band of the target frequency are 
considered to be the lower and upper frequencies as 3 = 3 − ∆3 and 3¿  3 C ∆3. 
The aperture impedance at the frequencies 3 and 3¿ can be observed in the different 
types of reactance D¦3 and D¦3¿. As illustrated in section 4.5.1, the aperture 
reactance is presented as a capacitance and inductance at the lower and upper region, 
respectively. Therefore, the transmission line section behaves as an L-C network to 
match the load impedance (aperture radiator) and the source impedance in order to 
broaden the impedance bandwidth. The input impedance of the CPW feed-line 
connected with the load impedance as an aperture radiator is expressed as a function of 
the frequency as    
ÀÁ3,    ¹	JÃÄ}		J¹>mh       (4.23) 
where the antenna impedance is		¬3  e¬3 G D¦k3 and 		¬3¿  e¬3¿ C D¦3¿.  
 
With the distributed approach, the electrical length of the CPW feed-line is tailored in 
correspondence to the resonant wavelength in the multiple of ) 2⁄ . The resultant 
reactance of the CPW feed-line can behave as an inductance and capacitance at the 
conditions of the lower frequency 3 / 3 and the upper frequency 3¿ Å 3, 
respectively. The impedance compensation is performed at both sides of the resonant 
frequency with the values of the reactive elements as 'D∆¦. By the multiples of the 
electrical length at the centre frequency, a location of the middle frequency can be 
preserved. It is shown that the conjugate matching based on the structural transmission 
line acts as a reflective equalizer.    
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Figure 4.10: Simulation results for the response of the double turning impedance 
matching of the aperture radiator.  
 
 
Fig. 4.10 shows the response of input impedance on the Smith chart for the CPW fed 
aperture radiator. Three cases of the electrical length of the CPW transmission line  
are demonstrated in the multiples of a half wavelength. In comparison, the relocation of 
the input impedance is illustrated that the one-wavelength CPW feed-line of 18.8 mm 
provides a good impedance matching and a wide bandwidth. The location of impedance 
at the low and high frequencies is clearly observed in the opposite reactance space on 
the Smith chart as compared without the feed-line (No CPW). It is seen that the 
impedance behaviour of the CPW fed aperture can form a loop around the match within 
the 2.0 SWR circle from 8.9 GHz to 12 GHz. The enhancement of the impedance 
bandwidth is around 30% at the centre frequency of 10 GHz, whereas the aperture 
radiator without the conjugate impedance matching provides a bandwidth of only 15% 
(9∼10.5 GHz). The total size of the antenna with the CPW feed-line can be fitted into 
the area of 45 mm x 45 mm.   
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Fig. 4.11 shows a component of the resultant impedance consisting of resistance and 
reactance. The resistance plot presents a double resonance as a function of the electrical 
length of the CPW feed-line between 8 GHz and 12 GHz. As a half-wavelength 
multiple of the CPW length, the middle band is able to preserve the reactance of the 
input impedance at 10 GHz. The lower frequency of 8 GHz indicates a longer guided 
wavelength around 1.25λo, while the upper frequency of 12 GHz reveals a shorter 
guided wavelength of ∼0.83λo. As a condition of the CPW length, the series of 
reactance components are given and manipulated to match the aperture reactance within 
the frequency band.  
 
 
 
Figure 4.11: Simulation results for the input impedance of the double turning matching 
of the aperture radiator, (a) resistance and (b) reactance.  
 
 
Fig. 4.12 also shows the attributes of the reflection coefficient (S11) of the CPW-fed 
aperture radiator in a variation of the CPW length between zero and λg. It clearly shows 
the evolution of the bandwidth extension between 0.5λg and λg of the CPW length 
resulting in the appearance of a double dips at ∼9.5 GHz and ∼11.5 GHz. On the other 
hand, in the cases of CPW lengths of 0.25λg and 0.75λg, better single matching can be 
observed especially in a case of 0.75λg at ∼10.5 GHz. It is concluded that the use of the 
one-wavelength transmission-line with the short-end is the most effective method for 
matching the one-wavelength aperture radiator in achieving the wide impedance 
bandwidth.             
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Figure 4.12: Simulation results for the characteristics of the reflection of the aperture 
radiator by varying the length of the CPW feed-line including 0.25λg, 0.5λg, 0.75λg, and 
λg. 
 
 
 
Figure 4.13: Simulation results for the 3D and 2D radiation patterns of the CPW fed 
aperture radiator on the ground plane size of 45 x 45 mm2.  
 
Fig. 4.13 shows the characteristics of the 2D and 3D radiation patterns of the CPW-fed 
aperture radiator with good impedance matching at the target frequency of 10 GHz. As 
seen in the above, the edge effect can dominate the radiation characteristic due to the 
finite ground-plane size. The pair of the radiation peaks illustrate the direction at the 
angle of 0±40° and 180±40°. The far-field radiation pattern in the E-plane pattern 
corresponds to the appearance of the E field in the aperture element. In contrast, the H-
plane pattern gives small radiation.  
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4.6 Design of the CPW-fed aperture-coupled patch antenna 
In this section, the CPW-fed aperture is combined with a resonant patch to produce a 
wideband antenna device. As shown in Fig. 4.4, the resonant patch element is above the 
driven aperture positioned in the ground plane on the FR4 dielectric substrate. The 
coupling of the patch element and the aperture will result in wideband operation of the 
resultant patch antenna. The investigation on the aperture-coupled patch antenna is 
influenced by the effect of the input impedance due to the mutual coupling between the 
elements. The edge effect based on the theory of diffraction is also observed in a 
variation of the finite ground-plane size. The impedance optimisation of the resonant 
elements can improve the bandwidth and radiation performance. In addition, the air-gap 
structure is introduced to the antenna mechanism for eliminating the material loss. By 
applying the micromachining technique, the air-medium based structure can be 
produced using a laser machined polymer (PMMA) rim. A square polymer rim with the 
dimensions of approximately λxλ is necessary in order to avoid the fringing effect on 
the radiation of the patch element.     
 
4.6.1 Effect of the CPW-fed aperture-coupled patch 
The air-gap based design has been used in the aperture-coupled patch antenna as 
illustrated in [175] and [176]. In this work the initial air-gap height is specified around 
0.1λ which is obtained by the optimisation of a parametric variation for wideband 
operation. The possibility of producing a polymer based rim by the laser 
micromachining method is able to control the width of a rim frame to be 2 mm. The 
total dimension of the polymeric rim is 40x40x3 mm3 at the frequency of 10 GHz. For 
the air gap of 3 mm, the length (N) and width (N) of the patch element are determined 
as 10 mm and 20 mm, respectively. Due to the interaction of the two resonators 
positioned within a small distance by the air gap, a mutual coupling effect is introduced 
in the antenna device [177]. In this circumstance, the effect of a driven aperture loaded 
by a parasitic patch is solved by impedance optimisation. The mutual coupling 
behaviour can be studied by dealing with self-impedance of the aperture and the patch 
in a similar method as performed for the patch stack configuration [175].  
        
Fig. 4.14 illustrates the response of the input impedance on the Smith chart. The plots 
consist of the aperture-coupled patch antenna for non-optimised and the optimised 
impedance. The frequency response is observed between 7 GHz and 13 GHz and the 
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expected SWR circle is given. The optimisation deals with only the width of the 
aperture element. The aperture width of the initial structure and the optimised version 
are 1.7 mm and 1 mm, respectively. The observed attribute of the response shows the 
creation of two loops to determine the desirable operation. In comparison, the good 
impedance behaviour of the optimised structure is illustrated with an appearance of the 
loci in a SWR circle. But as seen in the non-optimised version, the wideband impedance 
bandwidth gives poor matching in the target of the operation band and the response is 
clearly affected by the mutual effect.  
 
 
Figure 4.14: Simulation results of the input impedance of the aperture coupled patch in 
the optimisation of the aperture width.  
 
In order to consider the optimised antenna configuration, the narrow aperture is made 
with a smaller width than the initial dimension that is able to relocate two loops in the 
2.0 SWR circle. The narrow aperture width is represented as high impedance. As a 
result, the modification of an aperture width can deal with the mutual impedance due to 
the ability to dominate the induced current.        
4.6.2 Effect of the mutual impedance 
Fig. 4.15 and 4.16 show how impedance behaviour is influenced by the mutual effect on 
the Smith chart in a variation of the width of a patch and aperture element. The plots 
exhibit the response of impedance in the frequency range over 7−13 GHz. It is seen that 
the appearance of the loci is caused by impedance behaviour between the aperture and 
the resonant patch element.  
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Figure 4.15: Simulation results of the input impedance of the aperture coupled patch in 
a variation of the patch width.  
 
 
 
Figure 4.16: Simulation results of the input impedance of the aperture coupled patch in 
a variation of the aperture width. 
 
Fig. 4.15 illustrates the effect of the patch impedance that acts as a parasitic element. 
The major change can be observed only in the first loop, whereas the second loop is 
dominated by the aperture element and is influenced by the small variation in the 
decrease of reactance. As the patch impedance is increased by enlarging the width (N), 
the first loop is directly affected by moving the locus which passes through the perfect 
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matching point to the inductive space due to less capacitance and also the resonance 
location is modified. This action influences mutual impedance in the higher frequency 
region that causes the mismatching issue to the upper band of the aperture response. 
Fig. 4.16 demonstrates the effect of the aperture width (r) that can dominate 
impedance of the driven element. The significant change can affect the second loop by 
increasing the resistance. The location of that loop is moved to pass through the perfect 
matching point. The minor effect of modifying the aperture structure can manipulate the 
first loop because the patch is a parasitic element in control of the characteristics of the 
aperture resistance. It is concluded that the response of the self-impedance in the 
aperture and patch element can take account of the mutual effect and also the impedance 
bandwidth can be improved by the optimisation of their physical widths. 
 
 
Figure 4.17: Simulation results of the input impedance of the aperture radiator with and 
without the optimisation of the width of the aperture radiator. 
 
Fig. 4.17 depicts the characteristics of the input impedance of the aperture radiator 
without the patch element. The plots illustrate the effect of the aperture width between 
1.7 mm and 1 mm. The resultant impedance plays an important role in the reflection 
coefficient over the band. As seen in the impedance behaviour, it can be clearly seen 
that the major element affecting the impedance effect is the aperture structure. The 
patch modification is avoided because the increase of the patch width causes the 
spurious radiation. In the impedance behaviour, the response is concerned with the 
reflection coefficient tolerance |Γ| as explained in [168].  
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Figure 4.18: Simulation results for the comparison of the reflection characteristics 
between the aperture radiator with and without the patch element. 
 
Fig. 4.18 also exhibits the attributes of the reflection characteristics for three cases. The 
reflection coefficients are obtained for the initial aperture radiator design, the optimised 
aperture radiator, and the optimised aperture coupled patch. It is clearly evident that the 
resonance of the patch element is captured and merged in the middle operation band in 
which the overall impedance bandwidth is extremely large around 46% to cover the X-
band frequency (8 GHz−12 GHz). 
  
 
Figure 4.19: Simulation results for the 3D and 2D radiation patterns of the wideband 
aperture-coupled patch. 
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Fig. 4.19 illustrates the radiation characteristics of the aperture coupled patch antenna at 
the observed frequency of 10 GHz. The radiation patterns are depicted in the 3D and 2D 
diagrams. The radiation characteristics show significant enhancement in antenna 
directivity. In the 2D pattern, the comparison between the aperture radiator with and 
without the patch element exhibits the improved radiation patterns in a broadside 
direction with the peak of 9.3 dBi in which the original radiation is about -6 dBi. Also, 
the reduction of a back radiation produces a front-to-back ratio of ~14.5 dBi.    
 
 
(a) 
 
(b) 
Figure 4.20: Simulation results for the effect of the air gap on the impedance for the Hg 
values (Fig. 4.4) of 1.5 mm, 2.0 mm, 2.5 mm, 3.0 mm, 3.5 mm and 4.0 mm, (a) 
resistance and (b) reactance. 
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4.6.3 Effect of the air-gap thickness 
Fig. 4.20 demonstrates the input impedance in a variation of the air-gap separation (¢i). 
The resistance and reactance are plotted for air gap values of 1.5 mm, 2.0 mm, 2.5 mm, 
3.0 mm, 3.5 mm and 4.0 mm. In this study, the dependence of the coupling effect on the 
air gap is discussed. As described in section 4.6.1, the initial air-gap distance of 3 mm 
(0.1λ) is performed in the antenna design. As the value of an air-gap decreases, the 
impedance values at 8 GHz and 10.5 GHz become larger and this leads to a 
mismatching condition in the antenna impedance. It is shown that a smaller air-gap 
results in a stronger coupling effect to govern the aperture impedance that the patch 
impedance is unable to compensate the mutual reactance (strong capacitance).   
 
4.6.4 Effect of the finite ground-plane size 
With the occurrence of the edge effect in the aperture radiator, the configuration of the 
aperture-coupled patch antenna is considered and studied for the characteristics of the 
impedance and radiation. To take into account of the effect of the finite ground-plane 
size, the reflection coefficient and directivity are obtained for various ground-plane 
sizes between 1.5λx1.5λ and 2λx2λ at the frequency of 10 GHz. The actual dimensions 
for the configuration described in Section 4.5 are 45x45 mm2, 50x50 mm2, 55x55 mm2 
and 60x60 mm2.   
 
Fig. 4.21 shows the simulation results of antenna performance consisting of the 
characteristics of the reflection and radiation. As can be seen in Fig. 4.21(a), the ground 
plane size does not have a strong effect on the magnitude of the reflection coefficient 
and the impedance bandwidth. The responses around 10 GHz in the middle band region 
is less affected.  
 
Fig. 4.21(b) illustrates the results of the characteristics of the radiation bandwidth as a 
function of the frequency.  It is clearly seen that the directivity decreases significantly as 
the ground-plane size increases. This result is caused by the radiation characteristics of 
the driven aperture associated with the edge effect of diffraction as discussed in section 
4.7.1. The peak radiation moves slightly toward the high frequency region as the 
ground-plane size increase. At the frequency of 10.5 GHz, the radiation peak is around 
9.3 dBi for the ground plane size of 45x45 mm2, whereas it is about 6.8 dBi for the 
ground plane size of 60x60 mm2 and thus it is a reduction of ∼2.5 dBi.  
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(a) 
 
(b) 
Figure 4.21: Simulation results of the characteristics of an aperture coupled patch 
antenna for a variation of ground plane dimensions, (a) reflection coefficients and (b) 
directivity. 
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4.7 Antenna fabrication 
Microfabrication and micromachining methods have been widely used in development 
of microelectronic devices and microelectromachanical devices [178-180]. Here, it is a 
potential technique to produce the wideband patch antenna device. The substrate 
materials include a commercial copper clad FR4 board (Roth Elektronik, RE01-LF, RS 
Components) and a thin film LCP material (Ultralam 3850, Rogers Corporation). The 
thickness of the copper layers on the FR4 board is 35 µm and it is 18 µm on the LCP 
substrate. The PMMA (polymethylmethcrylate) material is used to fabricate the rim 
shaped spacer for an air cavity in the antenna design [181]. The properties of the 
materials are listed in Table 4.2.  
 
The physical elements of the antenna configuration can be divided into three parts 
consisting of the patch element, the CPW-fed aperture, and the PMMA rim. An antenna 
assembly is obtained by all of their elements together. The manufacturing steps of 
microfabrication are shown in Fig. 4.22. It is seen that the patch element and the CPW-
fed aperture have the same manufacturing steps including: step (2) for the deposition of 
a thin photo resist film (AZ9260) on a dielectric materials (FR4 and LCP), step (3) to 
pattern the photo resist layer using UV exposure, step (4) for the development of a 
patterned photo resist film, and step (5) for etching the exposed areas of the copper 
layer.        
 
In step (6), the polymer rim spacer is made by a laser micromachining method. The 
PMMA material is the most suitable polymer for carbon dioxide (CO2) laser machining 
based the effect of the laser ablation. The laser based method is a modern fabrication 
technique to shape a 3D structure especially for dielectric materials [182-184]. These 
elements are then assembled using an SU8 based bonding method to produce a 
wideband antenna. The PMMA rim is assembled with the LCP film and the copper 
surface of the FR4 substrate by the bonding steps (7 and 8), respectively. The antenna 
structure will be used in the work described in Chapter 5 in construction of broadband 
resonant cavity antenna devices.  
      
Table 4.2: Electrical properties of dielectric materials at ∼10 GHz. 
 FR4 [149] LCP [150] PMMA [181] 
εr 4.1 2.9 2.6 
tanδ 0.02 0.0025 0.008 
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Figure 4.22: Schematic of the fabrication steps for the CPW-fed aperture-coupled patch 
antenna. 
 
 
4.7.1 Photoresist deposition 
The FR4 and LCP materials were cut into the required sizes. Then, holes (0.2-mm 
diameter) were drilled at the corners of the square substrate as alignment marks required 
in the UV exposure process to be described in section 4.7.2. The copper clad FR4 and 
LCP substrates were cleaned in diluted (5:1) Decon-99 liquid. The substrates were then 
dried using compressed dry nitrogen. The positive photoresist AZ9260 was deposited 
on the copper surface of a FR4 substrate using a spin coating based method. The 
thickness of the photoresist layer was about 10 µm at the spinning speed of 2400 rpm 
for 60 seconds. After this, soft baking at the temperature of 100°C was carried out on a 
hotplate for 3 minutes and then the substrate was removed from the hotplate and 
allowed to cool to room temperature for 30 minutes. Deposition of the photoresist on 
the LCP substrate was performed using the same method.  
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4.7.2 UV exposure 
The process of the UV exposure was for transferring the geometric layouts on a mask to 
the photoresist layer. In this work, high resolution (64,000 dpi) film masks were used. 
Before UV exposure, the mask containing the design pattern was aligned to the 
photoresist layer on a substrate. The UV exposure work was carried out on a mask 
aligner. The layout scale was patterned with the ratio of 1:1 and the UV energy dose 
was specified at 500 mJ/cm2 which was the same as described in section 3.10.  
 
4.7.3 Development and chemical etching  
In order to obtain the design pattern on the copper layer, photoresists development and 
copper etching were performed to remove a region of the photoresist film exposed to the 
UV light. The development solution for the AZ9260 photoresist was diluted with 
AZ400K solution of which the deionised water was added as the ratio of 1:4. The 
development time is 90 seconds. The exposed photoresist was removed completely with 
no damage to the unexposed region. Wet chemical etching was performed to the 
exposed copper using a Ferric chloride (FeCl3) based etching solution. The etching time 
was around 7 minutes for the CPW-fed aperture structure and 10 minutes for the patch 
element. After copper etching, the photoresist layer was removed using acetone to 
complete the fabrication process for the respective elements on an FR4 or a thin film 
LCP substrate. Fig. 4.23 shows an optical image of the resultant structure of the CPW-
fed aperture radiator on the FR4 substrate. A SMA connector was mounted at the 
terminal of the CPW transmission line for interfacing with a connecting cable to a 
network analyser for characterisation and measurements.  
 
 
Figure 4.23: A photograph of an assembled CPW fed aperture with a SMA connector. 
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Figure 4.24: A photograph of the assembled antenna of a PMMA rim. 
 
4.7.4 Laser micromachining for fabricating rim structures   
The fabrication of a polymer-based rim spacer is carried out using a laser-based method. 
The machining of a dielectric material by pulsed laser radiation depends on the material 
properties and the laser parameters [185]. The polymer based rim structure for 
supporting the thin LCP film substrate was fabricated using a CO2 laser based 
micromachining method. A PMMA material was used to produce the polymer rim. This 
material is robust, low cost and widely available. The laser power and scanning speed 
are operating parameters that were carefully controlled. The commercial PMMA 
material is available in a wide range of thicknesses. A PMMA sheet of thickness of 3 
mm was selected as it provides the required thickness for construction of the wideband 
patch antenna. In operation, the schematic layout of the rim structure was drawn by the 
CAD tool. The laser power and scanning speed are 40 W and 114 mm/s. Fig. 4.24 
shows an optical image of a PMMA based rim produced by the CO2 laser 
micromachining method. The split ring design is to eliminate dielectric loss on the CPW 
feed-line by positioning the opening part of the PMMA rim in line with the CPW 
structure.  
4.7.5 Antenna assembly  
A SU8 based bonding method was used to assembly the LCP substrate with the patch, 
the PMMA rim, and the FR4 substrate to produce a patch antenna device.  SU8 is a UV 
sensitive material which can be used as photoresist material, usually a permanent 
photoresist since it is difficult to remove it from a substrate after UV exposure. It is also 
used to fabricate 3D structures for microsystem applications. A viscous liquid SU8 
(SU8-100) material is applied in the PMMA rim by a contact imprinting method [186]. 
A thin film SU8 layer of about 10 µm of thickness was produced on a glass wafer. The 
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polymer rim was then pressed against the glass wafer to take up the SU8 material for 
bonding. The PMMA rim with the SU8 material was then placed on a hotplate at 100°C 
for 5 seconds to allow the solvent to evaporate to increase the viscosity of the SU8 
material. In the next step, the PMMA rim was aligned to the patch on the LCP substrate 
and the bonding process was completed by applying a load of 500 g for 30 minutes. Fig. 
4.25 shows an optical image of a bonded PMMA rim on the LCP thin film substrate.   
 
 
 
Figure 4.25: A photograph of the assembled antenna of a PMMA rim and LCP film. 
 
The same SU8 imprinting and the bonding process was repeated for the other side of the 
PMMA rim to bond it to the FR4 substrate with the CPW feed-line and the coupling 
aperture. Fig. 4.26 shows an optical image of a complete structure of the CPW-fed 
aperture patch antenna.  
 
 
 
Figure 4.26: A photograph of the assembled antenna of a CPW-fed aperture coupled 
patch. 
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4.8 Measurements  
In this section, the verification of the fabricated wideband antenna device was 
conducted using the same vector network analyser (HP 8510) and the horn antennas 
described in Chapter 3. The electromagnetic characteristics of the wideband antenna 
performance are obtained including the reflection coefficient, the radiation gain, and the 
radiation patterns. The results will show that the fabricated patch antenna structure in 
this chapter provides a wide impedance bandwidth and high radiation gain. In order to 
obtain the gain of the antenna device, the gain-transfer or gain-comparison method is 
used to obtain the far-field radiation behaviour [187].  
 
4.8.1 The gain transfer measurement method  
This section introduces a principle and method of the gain transfer technique for 
measurements of the radiation characteristics of antenna structures. This method only 
requires one antenna with the known characteristics called a gain standard or a reference 
antenna. The transmission antenna is not necessary to have known gain characteristics. 
The measurement process is performed in the receiving mode to obtain measurement 
results. The received powers, 0¬¿Æ and 0\, are obtained from the antenna under test 
(AUT) and the gain-standard horn antenna \, respectively in the same arrangement 
of the far-field distance  and the transmitting power 04 from the transmitting 
antenna. In principle, the gain calculation of the AUT ¬¿Æ antenna is fundamentally 
based on the Friis transmission equation as a gain transfer function. The free-space path 
loss is determined as 	6³ = 20YÇ4 F  K. Therefore, two measurements can lead to 
the following equations in dB: 0¬¿Æ = 0 + Æ +  + ¬¿Æ and 0\ = 0 + Æ +
 + \. To deduce the gain of the AUT antenna, both equations are mathematically 
manipulated to eliminate the transmitting gain (Æ) and it can be shown that  
  ¬¿Æ = 0¬¿Æ	 − 0\ + \.       (4.24) 
 
Fig. 4.27 shows the configuration of the measurement setup to obtain the antenna 
characteristics. The measurements were carried out in the anechoic chamber 
environment to remove the effect of multipath ray reflection. The vector network 
analyser (HP 8510) was calibrated for the full two-port mode. The standard gain 
antenna was a broadband horn antenna (FlannTM16240-20). The operation band is over 
8–12 GHz with an average gain of 20 dBi. A horn antenna with the gain of 15 dBi from 
Microwave Instruments Limited was used as the RF transmitter. The alignment between 
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the transmitter and receiver was set using a line-of-sight link. The distance between 
them was 30 cm (10λ at 10 GHz) corresponding to the far-field propagation.     
 
 
Figure 4.27: Schematic of the set-up for antenna measurements. 
 
4.8.2 Characteristics of the aperture radiator 
Fig. 4.28 shows the reflection characteristics (^) of the fabricated structure of the 
short-end CPW-fed aperture radiator. The measured impedance bandwidth was around 
34% at the middle frequency of ∼10 GHz. The lower and upper frequencies were 8.4 
GHz and 11.8 GHz, respectively. Two frequency dips were clearly observed which 
were designed to broaden the bandwidth. A broad agreement between the results of 
simulation and measurement has been obtained, though the measured characteristic 
shows reflection around 10.5 GHz. It is shown that the impedance of the aperture 
radiator gives the pure resistance of 50 Ω which points to good matching with the 
source impedance at the second dip of frequencies.      
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Figure 4.28: The measured and simulation results of reflection characteristics of the 
aperture. 
             
4.8.3 Characteristics of the aperture coupled patch antenna 
Fig. 4.29(a) shows the reflection characteristics (^) of the fabricated structure of the 
CPW-fed aperture-coupled patch antenna over 7−13 GHz. The overall impedance 
bandwidth of the -10 dB reflection property is between 8.4 GHz and 12.5 GHz or 41% 
at the middle frequency of 10 GHz. The reflection characteristics can obviously be seen 
with triple dips over the operation band. It can be seen that the measured characteristics 
agrees with the results of simulation. However, the attribute of the middle dip is weak in 
comparison with that of the simulated results. This may be effect of the SMA connector 
which was not included in the model of the simulation work. Fig. 4.29(b) shows the 
measured results of the antenna gain as a function of frequency over 7 GHz − 13 GHz. 
It is evident that a wide gain bandwidth is achieved with a peak gain of 8.5 dBi and the 
1-dBi and 3-dBi ripple bandwidth of around 30% (8.5−11.5 GHz) and 43% (8−12.3 
GHz), respectively. The significant difference below 8 GHz may be caused by the fact 
that the gain horn antennas were operated beyond their operation bandwidth. The horn 
transmitter (FlannTM16240-20) has the specification that it can operate exactly over the 
frequency range of 8.2−12.5 GHz. But the observed frequency range in the AUT 
measurement was from 7 GHz which is out of the lower frequency limit of the horn 
antenna. Therefore, it shows a large discrepancy between the results of measurement 
and simulation below 8.5 GHz.       
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(a) 
 
(b) 
Figure 4.29: The measured and simulation results of the fabricated antenna, (a) 
reflection characteristics and (b) radiation characteristics. 
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Figure 4.30: E- and H-plane far-field radiation patterns of the antenna at five different 
frequencies of 8 GHz, 9 GHz, 10 GHz, 11 GHz and 12 GHz, respectively. 
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Fig. 4.30 shows the far-field characteristics of the normalised radiation patterns in the 
H- and E- plane at the frequencies of 8 GHz, 9 GHz, 10 GHz, 11 GHz, and 12 GHz, 
respectively. The plots were obtained in the scan angle range of 0±180° at a step size of 
5°. In comparison, the measured patterns of the radiation characteristics show good 
agreement with the results of the full-wave EM simulation. The E-plane patterns have a 
major lobe and two backside lobes, whereas the H-plane patterns have only one major 
front lobe and a minor back lobe. The front-to-back ratio of the directional antenna 
between the angle at 0° and ±180° is in the range of 7.5∼12.5 dBi in both E- and H-
plane. The HPBW values were determined to be 40° and 30° for the E- and H-plane, 
respectively. A discrepancy in the radiation pattern can be observed in the back-side 
region (±90° to ±180°) of the H-plane, especially at 11 GHz and 12 GHz. In particular, 
the unmatched angle was found around ±90° at which the gain decreases. Also, the 
angles of ±180° provide a different magnitude. It is possible that the differences are 
caused by the AUT holder. The AUT might not be properly positioned at the centre of 
the rotating point due to the inaccuracy of the alignment method. As the AUT is moved 
from the 0° angle, the location of the AUT is off from the initial position. Because of 
this the measurement results of the radiation pattern are not in perfect agreement with 
the simulation work.                          
 
4.9 Summary 
In this chapter, the wideband patch antenna has been designed, constructed and assessed 
by reflection and radiation measurements. The CPW-fed and aperture-coupled design 
with a suspended patch has been studied. Wideband characteristics are obtained using 
coupled triple resonance based on the distributed matching method with a single typical 
patch element. The dimensions of the antenna elements are determined associated with 
the edge effect based diffraction analysis and numerical simulation. The effect of finite 
substrate on radiation characteristics of the aperture is investigated. The behavior of the 
short-end CPW feeding design with the aperture has been studied in detail for design of 
a wideband patch antenna. The polymeric rim spacer is technically produced by a laser 
micromachining method that allows convenient fabrication and accuracy of millimetre 
thick polymer structures compared with the SU8 based structures produced using a 
surface micromachining method. A 3-mm thick PMMA rim is used in construction of 
the wideband patch antenna. Liquid SU8 is used as a bonding medium in assembly of 
the patch antenna. The dimensions of the practical antenna are 45x45x4.6 mm3. The 
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impedance bandwidth of the fabricated antenna is measured to be as large as 41%. The 
measured peak gain is 8.5 dBi, and the 3-dB and 1-dB ripple radiation bandwidths are 
as large as 43% and 30%, respectively. The measured bandwidth shows an 
improvement by a factor of two over the previous work [188]. The wideband antenna 
will be used as a primary source in the development of the broadband resonant cavity 
antenna described in Chapter 5.  
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CHAPTER 5 SYNTHESIS AND IMPLEMENTATION OF 
BROADBAND RESONANT CAVITY ANTENNAS 
 
5.1 Introduction 
In this chapter, the aim is to design and implement a broadband resonant cavity antenna 
(RCA) based on the study works of the two-layer metamaterials and the wideband patch 
antenna described in Chapter 3 and 4, respectively. A two-layer metamaterial is used as 
a superstrate or a partially reflective surface (PRS) and the Fano-resonance effect in the 
metamaterial is employed to achieve broadband performance. The effect of the resonant 
transmission of the metamaterial is investigated for applications as a superstrate for 
RCA devices. The electromagnetic image theory is also applied in design and modelling 
of the resonant cavity antenna. Broadband RCA structures are produced in 3D 
configurations. The primary broadband source antenna that has been developed 
successfully as described in Chapter 4 is used to provide the field energy into a cavity 
structure. Due to the radiation characteristics of the primary source, the resonant cavity 
antenna with broadband behaviour is studied based on an optimisation of the cavity 
height. The edge effects of the finite size of the metamaterial superstrate on the 
bandwidth and radiation characteristics are investigated. The two-layer metamaterials 
based superstrate designs are fabricated, one consisting of two patch arrays on LCP thin 
film substrates assembled using a micromachined PMMA rim spacer and the other one 
is based on two patch arrays each fabricated on one side of an FR4 board. The results of 
reflection and radiation measurements are described and it is shown that broadband 
RCA devices are realised.     
 
5.2 Principle of resonant cavity antennas  
The resonant cavity antenna (RCA) is based on a parallel plate configuration with a 
separation of approximately half wavelength at the design frequency. The planar 
structures are a total reflector as a ground plane and a partially reflective surface (PRS) 
as a superstrate. The pair of the reflectors is separated by a dielectric medium which is 
usually air or free space. This type of antenna structures is capable of providing high 
gain and narrow beam characteristics. There are several other names that have been 
used to describe a RCA device including EBG antennas, Fabry-Perot cavity antennas, 
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resonator antennas, and 2D leaky-wave antennas as reported in the literature. In 
connection to the terminology of RCA configuration, their names are associated with 
the structure of a PRS superstrate and the methods and models used in the theoretical 
analysis. The theoretical analysis in [106] and [189] has been characterised with the 
various PRS structures consisting of the multilayer dielectric materials, patch arrays and 
periodic apertures, and the periodic metallic strips or rod gratings as shown in Fig. 5.1.  
    
Figure 5.1: Configurations of the resonant cavity antenna [186]. 
 
The theory for a RCA configuration is based on various fundamental approaches 
including the ray-optic tracking method based on a phase interaction between infinite-
size reflectors. Also, the transmission line model or the transverse equivalent network 
(TEN) is associated with the leaky-wave propagation. The electromagnetic bandgap 
(EBG) analysis is based on the characteristics of the wave propagation and interaction 
through a layered medium interface of two different media assisted with the Fresnel 
equations. However, most of them are related to the cavity distance and also the phase 
interaction. In this thesis, the theoretical details are briefly explained in terms of the 
physical parameters and the radiation characteristics.  
 
In the original RCA work [106], various metal based a PRS structures were 
incorporated with the conducting ground plane that was excited by an open-end 
waveguide as a primary source. The key operational behaviour and parameters were 
studied using reflection coefficients.  
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The two factors associated with the RCA operation are a phase interaction determining 
a resonance condition of the cavity structure in that the reflection magnitude affects 
antenna directivity. In behaviour, the appearance of the multi-ray inside a cavity 
structure is shown in Fig. 5.2. In the ray theory, the multi-reflection is caused in 
between at the internal surfaces of a ground plane and a PRS surface. As it is generally 
known, the total reflective surface as a ground plane gives the unity magnitude and the 
phase response of 180° or . Hence, the term of the electric field can be expressed as 
[106], 
            
      È = ∑ ÊË ∙ ÈΓh√1 G Γ²JÌÍÎÏhÐ4       (5.1) 
where Ë is a radiation pattern of the primary source, Θh is a phase difference, and 
Γ²JÒÓÔ  is a reflection coefficient. The phase difference between the rays can be 
determined by 
   Θh  Q  Q FG   XYZ G  C 2ÕÖ×ØK     (5.2) 
 
 
Figure 5.2: Behaviour of multi-reflection and transmission in the resonant cavity 
antenna. 
  
The magnitude of reflection can be considered for Γ / 1 that can lead to the 
modification for a summation of the multi-reflection as   
∑ @Γ²JAh  µOÙÚÏhÐ4         (5.3) 
 
Therefore, the electric field in (5.1) can be rewritten as  
|È|  |È|ËV µ	µµ5r      (5.4) 
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The transmitted power is formed by the collective interference of the rays. Hence, the 
power of the radiation pattern is given by 
0Ë = µ	µµ5rFÒÓÔxuÜ 5rK Ë

     (5.5) 
The maximum power can be obtained as an angle of the incidence is   = 0° 
Õ<¾\ C  G    = 2:      (5.6) 
where := 0, 1, 2, 3, etc. As known in the collective interference, the interaction of the 
phase response occurs at the in-phase condition. At the target frequency or wavelength 
()), the resonance distance () can be determined as  
 = FÒÓÔ − 1K   + :         (5.7) 
In order to improve the antenna performance, the enhancement of a radiation gain is 
connected with the reflection magnitude. Therefore, the maximum power of a cavity 
structure can be approximated as    
 = 	|µ||µ|        (5.8) 
In addition, the operational bandwidth (³) relating to the frequency range which 
depends on a cavity distance. The term of the radiation bandwidth can be obtained by 
³ =  µ√µ          (5.9) 
It is seen that the potential parameter is based on the reflection coefficient of a PRS 
structure. In practice, the 2D periodic plane referred to as a frequency selective surface 
(FSS) is suitable for designing a PRS structure due to the flexibility in tailoring of the 
reflection coefficient. Also, the beneficial factor of the FSS structure is that it can be 
produced on any substrate thickness only by the availability of the dielectric materials.   
 
5.3 Resonant cavity antenna with Fano-resonance metamaterial superstrate  
In the study of the Fano-resonance metamaterials in Chapter 3, the transmission and 
reflection resonances based on two identical patch arrays were discovered which are 
associated with the extraordinary transmission. The employment of the Fano-resonance 
metamaterials in a resonant cavity antenna (RCA) is a new design concept in the 
enhancement of the radiation bandwidth. Fig. 5.3 shows a schematic of the broadband 
resonant cavity antenna which is formed by a planar parallel structure between the 
Fano-resonance metamaterial superstrate with the PEC ground-plane, and the source 
antenna positioned inside the cavity. With the resonant transmission of the Fano-
resonance metamaterials, there are two advantages in the RCA design consisting of (1) 
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the behaviour of zero-order transmittance and (2) the π-phase shifting of the reflection 
coefficient as discrete phase behaviour. The antenna mechanism depends on two 
conditions of the radiative Fano effect and the Fabry-Perot approach that are involved in 
the design method. In this chapter, the characteristics of the radiation behaviour are 
investigated based on a cavity resonance distance (height), the interaction with the 
actual source antenna, and the superstrate size of the RCA configuration.  
 
 
Figure 5.3: Scheme of the resonant cavity antenna consisting of the Fano-resonance 
metamaterial superstrate    
 
The radiation bandwidth of an RCA is determined by two characteristics. The first 
characteristic is two cavity modes based on the Fabry-Perot effect that creates a double 
band and this leads to a lower and upper bound of the radiation bandwidth. The second 
characteristic is an inherently radiative mode of the Fano effect of the two-layer 
metamaterial at the middle band. The effect of the relative finite size of a patch array 
can influence the resonant transmission when the two-layer metamaterial interacts with 
the actual radiation of a source antenna. Therefore, the design methodology can be 
divided into three steps to complete the RCA configuration.      
 
• Firstly, the two-layer metamaterial is investigated by dealing with the reflection in 
terms of the period and the patch length in a lattice structure. The resonant Fano 
transmission with the radiation-enhanced property is characterised at the desirable 
frequency. The characteristics of the Q factor are also observed in the context of the 
dielectric thickness between two patch arrays. The study of the two-layer 
metamaterial will be described in section 5.4.  
 
• Secondly, the cavity structure is arranged by using a couple of the two-layer 
metamaterials to study the Fabry-Perot effect. The resonant distance (height) of an 
air space between two two-layer metamaterials is determined. This geometry plays a 
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significant role in the radiation bandwidth. An electromagnetic mirror in the image 
theory is used to study the cavity effect in transmission at a plane wave. A PEC 
surface as an equivalent image is placed to form a resonant cavity antenna. The 
characteristics of the radiation bandwidth and the resonance condition will be 
discussed in section 5.5 
 
• Finally, the source antenna, the CPW-fed aperture-coupled patch, is incorporated 
into the RCA configuration. In order to deal with the spherical wave front of the 
actual source antenna, the cavity distance is varied and optimised for a good 
response of correspondence between the radiation and impedance bandwidth over a 
desirable frequency range. The edge effect in the RCA structure is also controlled by 
optimising a finite size of the two-layer metamaterial. In addition, the characteristics 
of the surface current on the patch array and the electric field distribution in a cavity 
space are observed by studying the radiation behaviour in a variation of the 
superstrate size. The design details will be described in section 5.6 and 5.7 
 
5.4 Two-layer metamaterials  
The two-layer metamaterial design studied in Chapter 3 is applied to the RCA device as 
a superstrate. However, the periodic spacing of the patch arrays is a quarter wavelengths 
which are found to provide suitable characteristics for development of broadband RCA 
devices. The characteristics of the PRS design differ from the previous work that 
exhibits the positive reflection-phase gradient for wideband operation of a RCA device 
[6-10,120,128,129].  
5.4.1 Physical structures 
Fig. 5.4 shows the schematic illustration of the two-layer metamaterials that consists of 
a pair of periodic surfaces with the identical patch arrays. The properties of the 
dielectric material consist of the electric permittivity () and magnetic permeability 
((). The thickness of the dielectric medium is referred to as Hr. The period of the patch 
array is denoted by P and the edge dimension of the square patch is L. Two dielectric 
materials are considered to study the cases of a lossless cavity medium (air) and a lossy 
material (FR4), respectively. The effect of the field interference can influence the cavity 
medium to create the resonance process as described in Chapter 3.  
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Figure 5.4: Geometry of the two-layer metamaterials with a pair of identical patch 
arrays separated by a dielectric medium (air and FR4). 
 
As shown in Chapter 3, the investigation can be carried out using the AnsoftTM HFSS 
simulation tool which is based on a full-wave electromagnetic analysis assisted with the 
finite element method. The unit-cell is positioned in a boundary box which is defined by 
the infinitive condition of the Floquet theory. The plane-wave excitation is applied to 
port 1 at the top the boundary box and the transmitted signal is monitored at port 2 at 
the bottom of the boundary box. The details of the simulation method have been 
provided in Appendix A. The analysis of the characteristics of wave propagation and 
interaction is conducted in terms of transmission and reflection responses. The 
scattering process of the incident field interacted with the interface of a unit-cell is 
considered in both phase and magnitude.  
 
The related phase change and the scattering parameters of the patch array are considered 
in order to understand the effect on the response of the metamaterial superstrate. The 
characteristics on the Q factor are investigated due to the interest in resonant bandwidth. 
The period of the square patch array is a quarter wavelength which is optimised to 
obtain the resonant transmission as a relevant parameter.  
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With the optimisation of the metamaterial structure, the characteristic of the reflection 
phase of the periodic surface is tailored by the physical length of square patch elements. 
Hence, the air based dielectric medium is firstly considered in the metamaterial 
structure due to the flexibility in control of the thickness through fabrication. In 
practice, the actual air-medium structure is produced using a micromachined polymer 
rim. Also, the arrangement of a metallic patch array is patterned on the LCP thin-film 
with the thickness of 100 µm (2). The effect of the thin-film substrate is considered as a 
part of the dielectric medium. However, the thickness of the LCP film is an extremely 
small compared to the separation between two arrays for investigation 2 ≪ ¢?. 
Therefore, the effective permittivity of a dielectric medium can be approximated to be 
that of an air. The operation at the target frequency of 10 GHz results in the guided 
wavelength of 30 mm, the periodic spacing in array is specified as 7 mm approximately 
a quarter wavelength. To study the effect of separation or spacing between the periodic 
patch layers, five values of the separation are used ranging from 1 mm to 5 mm 
corresponding to a range between 0.03λ−0.16λ within an interfacial near-field zone. 
The path length phase response in between the two-layer structure and the reflection 
phase of the one-layer patch array are obtained at 10 GHz and summarised in Table 5.1.  
 
Table 5.1: Patch lengths related phase and reflection phase for difference spacer 
thickness at 10 GHz. The period of the patch arrays is 7 mm.   
Hr (mm)  ∆φ ϕPRS @10 GHz L (mm) 
1  12° -168° 6.95 
2  24° -156° 6.77 
3  36° -144° 6.45 
4  48° -132° 6.0 
5  60° -120° 5.3 
 
5.4.2 Characteristics of the two-layer metamaterials            
The investigation of the resonance effect of the two-layer metamaterials is performed by 
electromagnetic simulation. The unit-cell element is modelled and defined as before 
(Fig. 5.4). The electromagnetic behaviours are studied for both of the one-layer and 
two-layer configurations.    
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Figure 5.5: Simulation results for a single patch array design, (a) transmission 
magnitude, (b) transmission phase, (c) reflection magnitude, and (d) reflection phase.   
 
 
Fig. 5.5 shows the simulation results of the transmission and reflection coefficients for 
the single-layer patch array. The period of the array is maintained as 7 mm. The 
different lengths of the square patch elements are 6.95 mm, 6.77 mm, 6.45 mm, 6.0 mm, 
and 5.3 mm. All responses of the transmission magnitude give similar attributes but it is 
higher when the patch is larger connecting to a smaller array separation. The reflection 
responses are in opposite and the reflection magnitude is greater for the array with 
larger patches. The phase changes on the reflection of the patch array at 10 GHz 
correspond to the values in Table 5.1. The reflection magnitudes from the largest patch 
to the smallest one are 0.97, 0.91, 0.8, 0.66, and 0.49. The phase difference between the 
transmission and reflection is obtained to be around 90°.  
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Figure 5.6: Simulation results for a two-layer patch array design, (a) transmission 
magnitude, (b) transmission phase, (c) reflection magnitude, and (d) reflection phase.   
 
The same study is repeated for the two-layer configuration with the same patch-array 
characteristics. Fig. 5.6 shows the simulation results of the characteristics of the 
transmission and reflection coefficients of the two-layer metamaterials. The 
corresponding values of spacing between the two arrays are 1 mm, 2 mm, 3 mm, 4 mm, 
and 5 mm for patch length of 6.95 mm, 6.77 mm, 6.45 mm, 6.0 mm, and 5.3 mm. The 
results illustrate the magnitude and phase responses which show the resonance effect. 
The resonant frequency is the same all at 10 GHz as designed. It is shown that the phase 
change in reflection at the transmission peak is 180°. Also, the behaviour of the pole 
reflection phases at ∼8 GHz behaves as a conventional PRS.   
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It can be seen that the strength of the resonance reduces as a separation between the two 
arrays increases due to the effect of reduced electromagnetic coupling as have been 
shown in Chapter 3. The Q factor of the resonance is also influenced by the reflection 
magnitudes from the two interfaces, the Q factor can be determined as [42]  
º = 2 ¸ Rß]ß(ß]ß)       (5.11) 
Since the two patch arrays are identical and, therefore, reflection magnitudes are the 
same and equation (5.11) can be rewritten as 
º = 2 ¸ ß(ß)       (5.12) 
 
5.5 Design and modelling of two-layer metamaterials for antenna applications  
In this section, the properties of the two-layer metamaterial designs are studied for use 
as a superstrate for broadband resonant cavity antenna applications. The study is carried 
out using the image theory [151]. In accordance to the mechanism of the actual RCA 
configuration, the partially reflective surface (PRS) forms a cavity with the total 
reflective metal surface as a perfect electric conductor (PEC) at a specific resonance 
distance. The PEC interface is an electromagnetic mirror with which the equivalent 
object of the two-layer metamaterial appears at the same distance from the PEC in the 
electromagnetic image theory. This configuration can be considered in the same way as 
an electromagnetic band-gap (EBG) structure. In order to determine the transmission 
response, a plane wave source was excited in the cavity by the two-port configuration 
and the passband is determined to indicate the capability of the radiation bandwidth.               
 
Fig. 5.7 shows the schematics of the cavity configuration based on image approach and 
the associated unit-cell which has a spacing of 2¢5 between two objects of the two-
layer metamaterials and its image. The excitations, as presented by Port 1 and Port 2, 
are installed at the top and the bottom boundaries of a unit-cell box. Based on the 
electromagnetic image theory, the perfect metallic surface is also applied to the unit cell 
and placed in the middle of the distance, 2¢5, between two two-layer metamaterials.    
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Figure 5.7: Configurations of the cavity structure and unite cell for analysis of antenna 
application based on image theory. 
 
 
 
Figure 5.8: Calculated results for the resonance distance of the cavity for different 
thicknesses of the air spacer of the metamaterial superstrate. 
 
For a given wavelength, λ0, the minimum cavity height, Hc, for cavity resonance can be 
determined from the cavity resonance condition expressed in equation (5.6) as ¢5 =  to 
be  
¢5 =   FàM + 1K         (5.13) 
where áP is a phase change in reflection from the metamaterial PRS. Based on the 
results of the studies of the two-layer metamaterials in the previous section, Hc can be 
obtained for a wavelength or frequency range of interest which in this work the 
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frequency range is between 8 GHz and 12 GHz. Fig. 5.8 shows the results of calculation 
of the cavity distance (¢5) at resonance based on equation (5.13) for the metamaterial 
PRS with five different values of Hr. The sharp change at 10 GHz is associated with the 
resonant behaviour of the two-layer metamaterial superstrate that the term áP expresses 
the phase shift of 180° in all designs. The resonance heights beyond 10 GHz are 
different due to the dependence of the reflection phase of the superstrate on the 
thicknesses (Hr) of the two-layer metamaterials. It can be seen that the value of Hc can 
be in the range of 13–21 mm over the frequency range. For broadband RCA 
applications, the suitable value for Hc is determined in the study of the radiation 
characteristics in RCA synthesis work described in section 5.6.  
 
Fig. 5.9 illustrates the characteristics of the transmission response of the cavity 
configuration for three different thicknesses of Hr, the unit-cell was shown in Fig. 5.7.  
The two cases of the thicknesses of Hr of 1 mm and 5 mm are not included due to the 
narrow resonance bandwidth and less reflection magnitude, respectively, as stated in 
previous sections. The three PRS designs corresponding to the Hr values of 2 mm, 3 
mm, and 4 mm were selected for study based on large bandwidth of the passband with 
the ripple resonance behaviour. The transmission responses are investigated for the Hc 
values between 15 mm and 20 mm. It can be seen in Fig. 5.9 that there are three peaks 
in the passband over the frequency range of 7 GHz and 12 GHz. As Hc increases the 
passband shifts to the lower frequency side. This effect is due to the increase in the path 
length related cavity phase change. It is evident that the middle resonant frequency of 
the cavity maintains at the frequency of 10 GHz which is caused by the intrinsic 
resonant transmission in the two-layer metamaterials without any effect of the cavity 
distance.  
 
The ripple behaviour in transmission has a strong dependence on the cavity distance 
(height) for a given value of Hc. The ripple effect is the smallest at the cavity height of 
16 mm, 17 mm, and 18 mm in Fig. 5.9 (a), (b) and (c), respectively. The results in Fig. 
5.9 also show that the ripple is larger when the value of Hr is smaller. This is due to the 
strong dependence of the reflection magnitude on Hr as shown in Fig. 5.5. A higher Q 
factors result in strong interference in the cavity leading to the stronger ripple effect as 
shown Fig. 5.9 (a). Since low ripple effect is desirable for superstrate application in 
RCA devices, therefore, the two-layer metamaterial with the air spacer thickness of 4 
mm between patch arrays is selected for RCA synthesis work.  
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(a)  
 
(b) 
 
(c) 
Figure 5.9: Simulation results for the transmission response of the resonant cavity for 
Hc values in applying the two-layer metamaterials with Hr values of, (a) 2 mm, (b) 3 
mm, and (c) 4 mm. 
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Figure 5.10: Simulation results for the electric field distribution in a cavity structure at 
frequencies of the transmission peaks at 8.5 GHz, 10 GHz, and 11.4 GHz (all in the 
same scale). 
 
Figure 5.10 illustrates the characteristics of the electric field distribution inside a unit 
cell of the cavity structure in order to understand the radiation mechanism. The electric 
field distribution is observed at the peak frequencies of the transmission response as 
shown in Fig. 5.9(c) with the distance (Hc) of 17 mm. The air cavity spacing is then 34 
mm between two two-layer metamaterials. As a result, three peaks appear over a 
desirable transmission band consisting of 8.5 GHz, 10 GHz, and 11.4 GHz. The electric 
field behaviour based on the Fabry-Perot effect illustrates a lower and higher cavity 
mode at the frequencies of 8.5 GHz and 11.4 GHz, respectively. The electromagnetic 
image approach can deal with the attribute of the resonant transmission of the two-layer 
metamaterials performed at the frequency of 10 GHz. The zero electric-field position is 
at the middle of the cavity since it is the creation of PEC plane.  
 
5.6 Broadband resonant cavity antennas  
5.6.1 Design of RCA configurations 
The configuration of the RCA in this work is described. The RCA device is based on 
the combination of the wideband aperture-couple patch antenna investigated in Chapter 
4 as a primary source and the two-layer metamaterial as a superstrate as discussed in the 
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previous sections. Fig. 5.11 shows the geometric structure of the resonant cavity 
antenna in top and cross-sectional views. As shown in Chapter 4, the short-end CPW 
and the aperture-coupled structure are surrounded by the ground plane with a suspended 
patch above the aperture. The cavity height, denoted by Hc, is a separation between the 
ground plane of the patch antenna and the bottom surface of the metamaterial 
superstrate. The design details of the source antenna were provided in Chapter 4. The 
separation between two patch arrays of the air-based superstrate is denoted by Hr. Table 
5.2 provides a summary of the dimensions of the wideband aperture-coupled patch 
antenna and the metamaterial superstrate. The properties of the dielectric materials 
(LCP, FR4, and PMMA) using in the RCA device in terms of electric permittivity and 
loss tangent are listed in Table 4.2. In the initial design the finite array size of the two-
layer metamaterial is specified to be 5x5 patches with a period of 7 mm (35x35 mm2) 
which the corresponding dimension is wavelength at 10 GHz (30 mm) are 1.16λx1.16λ.  
 
 
Figure 5.11: Geometry of the physical structure of the RCA configuration with the air 
spacer based metamaterial superstrate. 
 
Table 5.2: Dimensions of the aperture-couple patch antenna in millimetres. 
Lp Wp Ls Ws Wf G Hg Hr P L 
10 20 7.8 1.0 1.4 0.2 3 4 7 6 
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The characteristics of impedance and radiation behaviour are studied for bandwidth 
enhancement. The electromagnetic characteristics of the RCA configuration are 
obtained using the AnsoftTM HFSS based on the method described in section 4.4.3. The 
characteristics of the current distribution and the far-field radiation are observed for the 
RCA antenna. This aim is to achieve high directivity and wide radiation bandwidth. The 
optimisation of an antenna configuration is also considered in terms of broad, low ripple 
bandwidth.               
 
Fig. 5.12 shows the results the reflection coefficients of the RCA configuration for the 
cavity height (¢5) of 17 mm, 18 mm, 19 mm, and 20 mm. In comparison, the 
characteristics all show a similar impedance bandwidth, but there is difference in the 
strengths of the resonant dips. All of the characteristics have four resonance dips over 
the frequency range of 7 GHz and 13 GHz. The multiple resonances produce a broad 
impedance bandwidth (-10 dB) that is in exceed of 45% around the middle frequency of 
10 GHz. The impedance bandwidth is largely the same as that of the source antenna and 
thus less affected by the appearance of the superstrate above it.  
 
 
Figure 5.12: Simulation results for the reflection coefficients of the RCA configuration 
at different cavity heights.   
 
Fig. 5.13 shows the simulation results of the characteristics of the broadside directivity 
as a function of the frequency for the different cavity heights. The highest directivity 
occurs at the frequency of ∼10.5 GHz. The ripple behaviour is influenced by the 
locations of the three peaks. It is seen that the radiation bandwidth is between 8 and 
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12.5 GHz depending on the cavity height (¢5). Low ripple performance can be obtained 
over 8∼12 GHz at the cavity height of 19 mm and 20 mm. The 1-dB-ripple bandwidth is 
around 45% at the middle band frequency of 10 GHz and the peak value of the 
directivity is 13.5 dBi. As expected the characteristics of the radiation bandwidth is 
similar to the impedance bandwidth with the multiple resonances as shown in Fig. 5.12. 
A cavity height of 20 mm is selected to form the RCA configuration due to the best 
bandwidth.  
 
 
Figure 5.13: Simulation results for the antenna directivity of the RCA design. 
 
Fig. 5.14 shows the simulation results of the characteristics of the far-field radiation 
patterns in H- and E-plane at the frequencies of 8 GHz, 9 GHz, 10 GHz, 11 GHz, and 12 
GHz. The results show the directive characteristics with narrow beam behaviour at all of 
the observing frequencies. The angle widths of a HPBW are in a ranges from 34° to 40° 
(H-plane) and 24° to 40° (E-plane). In fact, the cavity height (¢5) in the RCA device is 
established for a resonant cavity at the operating frequency of ∼8 GHz. This value is 
larger than that at the higher frequencies of a resonant cavity. In addition, the results of 
the strong side-lobes at the upper frequency of 12 GHz are found to be around 10 dBi 
and 8 dBi in the H- and E-plane, respectively. Also, the front-to-back ratios are around 
13.5 dBi and 28.5 dBi at the frequencies of 9 GHz and 12 GHz, respectively.   
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(a) 
 
 
(b) 
Figure 5.14: Simulation results for the radiation patterns of the RCA design at the 
frequencies of 8 GHz, 9 GHz, 10 GHz, 11 GHz, and 12 GHz, (a) H-plane and (b) E-
plane.  
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5.6.2 Effect of the finite-size PRS  
The geometric theory of diffraction (GTD) is considered in the study of a finite-size 
RCA device in terms of dimensions of the two-layer metamaterial superstrate. It was 
shown in Chapter 4 that the ground-plane size has a significant effect on the 
performance of a radiation element, an aperture in that case. In this section the effect of 
the superstrate size (radiation aperture) as defined by the array size of the periodic patch 
layer, is investigated. The term of the radiation aperture is referred to as the total 
dimensions (area) of the PRS.  
 
As described in the previous study of the cavity structure in section 5.5, the unit-cell 
based modelling method was used assuming an infinite array size and the excitation was 
an incident plane wave. The diffraction effect of the RCA is caused by the interaction 
between the radiation from the actual source antenna and the finite-size metamaterial 
superstrate. It is shown that the radiation of the source antenna has a spherical wave-
front which is different from the plane wave source used in the unit-cell based study. 
The effect of the physical dimensions is investigated in a variation of the array size in 
order to obtain good radiation bandwidth.  
 
Fig. 5.15 shows the simulation results of the antenna directivity and the reflection 
characteristics in various sizes of the patch array consisting of 3x3, 4x4, 5x5, 6x6, 7x7, 
8x8, and 9x9 of patch elements. The array sizes can affect the radiation bandwidth as 
shown in Fig. 5.15(a). The effect on the reflection coefficient have influenced on the 
impedance bandwidth since the lower and upper bounds of the -10 dB minimal band is 
maintained as shown in Fig. 5.15(b). The effect of the resonant transmission of the two-
layer metamaterial is shown by the appearance of two bands especially in the cases of 
3x3, 8x8, and 9x9 arrays in that two peaks are at the frequencies around 8 GHz and 11 
GHz. For the other array size, the effect is less and thus wideband performance can be 
obtained. The best wideband performance is achieved from the 5x5 array based design.   
The small array size of 3x3 cells produces less enhancement in the directivity. A similar 
effect of the finite-size superstrate has also been reported in the previous RCA design 
based on a dielectric EBG superstrate [9, 114].       
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(a) 
 
 
(b) 
Figure 5.15: Comparison of (a) broadside directivity and (b) reflection characteristics of 
the RCA design for different patch arrays in the finite-size PRS. 
 
The results of the study show that the finite-size PRS has a significant impact on the 
radiation behaviour of the RCA devices. Table 5.3 shows a summary of the dimensions 
of the finite-size superstrate which have been studied in RCA devices. The designs with 
5x5 and 6x6 cell arrays provide good broadband performance corresponding to PRS 
dimensions of 1.2λ∼1.4λ. 
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Table 5.3: Summary of the dimensions in comparison with a wavelength of 30 mm. 
3x3 4x4 5x5 6x6 7x7 8x8 9x9 
21x21mm2 
(0.7λx0.7λ) 
28x28mm2 
(∼0.9λx0.9λ) 
35x35mm2 
(∼1.2λx1.2λ) 
42x42mm2 
(1.4λx1.4λ) 
49x49mm2 
(∼1.6λx1.6λ) 
562x56mm2 
(∼1.9λx1.9λ) 
63x63mm2 
(2.1λx2.1λ) 
 
In the leaky-wave analysis [190-192], it has been shown that the broadside radiation can 
be affected by the beam-splitting condition caused by the intrinsic characteristics of the 
PRS. This behaviour occurs when the frequency is beyond the region of the resonance 
frequency of a cavity. The radiation is unable to radiate in the broadside direction. It is 
shown that the resonant cavity is represented as a critical boundary for the maximum 
directivity or gain depending on the radiation aperture. The investigation in the finite-
size PRS is carried out by studying the broadside characteristics and the radiation 
bandwidth for different sizes of the PRS structure. 
 
Fig. 5.16 shows the radiation patterns in E- and H-plane for the different array sizes in 
the superstrate at 10 GHz. This is the frequency at which the dependence of the 
directivity on superstrate size is the most significant as shown in Fig. 5.15. The beam-
splitting effect is associated with the edge effect. The behaviour is caused by the wave 
front pattern of the primary source. The majority of the beam plays a role only at the 
central area of the metamaterial superstrate. The variation of the finite-size arrays can 
illustrate the characteristics of the radiation pattern. As can be observed in the evolution 
of the side lobe behaviour for all array sizes, the side lobes become more significant in 
the case of the 7x7 or 9x9 in the superstrate while the directivity of the broadside beam 
becomes lower. The split beams in Fig. 5.16(a) for the 9x9 array size are in the 
directions of ±25° from broadside direction.  
 
To understand the electric field distribution underlining the beam-splitting behaviour, 
the electric field distribution in the patches of the superstrate has been studied. Fig. 5.17 
shows the results of the surface current distribution in three cases for PRS sizes of 5x5, 
7x7, and 9x9 cell arrays at the frequency of 10 GHz. It is shown that the appearance of 
the strong and uniform surface current at the centre area of the patch array is similar in 
all cases. However, the weak distribution of the surface current is also observed in the 
outer surrounding area when the array size becomes large especially for 7x7 and 9x9 
arrays. The non-uniform current distribution in the case of the 9x9 array causes the 
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beam-splitting effect in the radiation pattern. Therefore, consideration of finite-size 
superstrate is important in order to avoid the beam splitting effect. 
 
 
 
(a) 
 
 
(b) 
Figure 5.16: Radiation characteristics for (a) H-plane and (b) E-plane for finite-size PRS 
designs at 10 GHz. 
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Figure 5.17: Simulation results for the surface current distribution on PRS in a variation 
of the patch array sizes, (a) 5x5, (b) 7x7, and (c) 9x9 (all in the same scale). 
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Figure 5.18: Simulation results for the electric field distribution in a variation of the 
array sizes of the superstrate at the observed frequencies of 8 GHz, 10 GHz, and 12 
GHz. 
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In order to understand the beam splitting effect further, the electrical field distribution in 
the patch array in the cross-sectional view is studied using an electric line source to 
provide a primary field. Fig. 5.18 shows the results of electric field distribution for array 
sizes of 5x5, 7x7, and 9x9 at the selected frequencies of 8 GHz, 10 GHz, and 12 GHz. 
The field pattern is radiated as a spherical wave-front. In observation of the radiation 
characteristics, the field propagates to the broadside direction in all cases at the 
frequency of 8 GHz. Also for the 5x5 case, it also exhibits broadside radiation at other 
two frequencies of 10 GHz and 12 GHz, whereas in the case of 7x7 and 9x9 arrays, the 
field splits and propagates into two directions. Thus, this study confirms that the beam-
splitting pattern is caused by the characteristics of the wave-front.        
5.7 Resonant cavity antenna using FR4 based metamaterial superstrate 
The applicability of the FR4-based metamaterial as a superstrate in the RCA device is 
investigated. The FR4 dielectric is a widely used material in microwave devices but is a 
lossy material in the frequency range (8–12 GHz) of interest in this work. The electric 
permittivity and the loss tangent are 4.1 and 0.02 over this frequency range. The effect 
on the characteristics of the radiation and impedance bandwidth is studied in the same 
way as in the previous sections for the air-spacer based two-layer metamaterial 
superstrate. In the subject of wideband operation, the property and thickness of the FR4 
material are considered in the work. The patch arrays of the two layer metamaterial 
superstrate are on each side of an FR4 dielectric slab (substrate) arranged in mirror 
symmetry. In the investigation, the antenna performance is studied based on modelling 
and analysis of the impedance and radiation characteristics of the RCA device. The 
effect of finite superstrate size is also investigated.  
 
Fig. 5.19 shows the physical configuration of the RCA device in the same structure as 
shown in Fig. 5.11 but an FR4 spacer is used in the metamaterial superstrate. In this 
design, a commercially available FR4 material is used and a thickness of 3.2 mm is 
obtained by combining two 1.6 mm thick FR4 slabs. The thickness is approximately 
equal to 0.2λg, λg is the guided wavelength in FR4 at 10 GHz which is given by ) √⁄  
and can be calculated to be 14.8 mm. Therefore, the path length related phase change as 
a single-layer patch in the FR4 spacer can be obtained to be ∼77.8°. The array period 
and the square patch length are 6 mm and 4 mm, respectively. To obtain a good 
response for broadband performance, the finite-size PRS structure is determined to 
∼1.2λ x 1.2λ consisting of 6x6 patch cells.   
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Figure 5.19: Geometry of a RCA configuration using a FR4 based metamaterial 
superstrate. 
 
 
 
 
Figure 5.20: Simulation results for the reflection coefficients of the RCA configuration 
using FR4 based superstrate for different values of Hc. 
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Fig. 5.20 shows the simulation results of the reflection coefficients of the RCA device 
with the FR4-based superstrate for ¢5 values of 17 mm, 18 mm, 19 mm, and 20 mm. 
The characteristics of broadband impedance bandwidth show good matching. The 
impedance bandwidth is about 50% and is similar to that of the previous design 
incorporating the air spacer based metamaterial superstrate. The lower and upper 
frequencies of the -10 dB bandwidth are located at the frequency of 7.5 GHz and 12.5 
GHz, respectively. It can be seen that the wideband performance results from the multi-
resonance effect. The cavity resonance occurs at ∼9 GHz.  
 
Fig. 5.21 shows the simulation results of directivity of the broadside radiation of the 
RCA design for the FR4-based superstrate. The characteristics of the radiation are also 
investigated for the cavity height between 17 mm and 20 mm. A similar radiation 
bandwidth as that of the RCA configuration using the air spacer based superstrate is 
achieved. The middle frequency is still maintained at around 10 GHz. The flat-ripple 
attribute of the radiation characteristics shows that the best performance can be obtained 
for the cavity height of 19 mm. The 1-dB-ripple radiation bandwidth is about 50% 
covering the frequency range of 7.8∼12.8 GHz and the maximum directivity is 13.5 dBi. 
It is seen that the behaviour of the broadband resonant cavity antenna can be obtained 
by using an FR4-based metamaterial superstrate.    
 
 
 
Figure 5.21: Simulation results for the antenna directivity of the RCA configuration 
using the FR4 based superstrate in a variation of the cavity height Hc. 
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(a) 
 
 
(b) 
Figure 5.22: The radiation patterns of the RCA configuration using the FR4 based 
superstrate at the frequencies of 8 GH, 9 GHz, 10 GHz, 11 GHz, and 12 GHz, (a) H-
plane and (b) E-plane. 
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Fig. 5.22 shows the simulation results of the radiation patterns of the RCA device with 
the FR4-based superstrate. The cavity height is 19 mm and the superstrate consists of an 
array of 6x6 cells. The results are obtained at the selected frequencies over the target 
band at 8 GHz, 9 GHz, 10 GHz, 11 GHz, and 12 GHz.  High directivity and narrow 
beamwidth are obtained. The HPBW values of the H- and E-plane radiation are 30∼36° 
and 20∼36° over the frequency range of 8∼12 GHz. The feature of the SLL is around 10 
dBi. In comparison with the RCA device with the air-based superstrate in Fig. 5.14, the 
beams of the radiation pattern of using the RCA device with the FR4-based superstrate 
are narrower by around ∼4°.    
    
   
Figure 5.23: The radiation efficiency of the broadband RCA devices using the air spacer 
based metamaterial superstrate and FR4 based superstrate. 
   
Fig. 5.23 shows the simulated results of the radiation efficiency of the RCA devices 
over the operation band for the air spacer and FR4 based metamaterial superstrates. 
Both RCA devices have the same patch antenna design as a primary source. As 
expected, the radiation efficiency is better for the RCA device with the air spacer based 
superstrate than the one with the FR4 based superstrate due to the dielectric loss in a 
FR4 material. This can result in the advantage of the air spacer based superstrate design 
over the choice of FR4 as a dielectric material in between two patch arrays in the 
metamaterial superstrate.  
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5.8 Fabrication of RCA devices 
In this section, the development of fabrication and assembly methods for practical 
implementation of RCA devices are presented. The fabrication process is similar to that 
described in Chapter 3 and 4. However, additional processes were developed for 
assembly of the RCA devices. Fig. 5.24 shows a schematic illustration of the process 
steps on fabrication and assembly of two types of the RCA device, one incorporating 
the air spacer based metamaterial superstrate and another based on the FR4 based 
superstrate.  
 
The process starts with the material preparation of the thin LCP film and FR4 
substrates. After cleaning based on the method described in chapter 3, the copper layers 
were coated with a layer of AZ9260 positive photoresist with a thickness of 10 µm. 
After prebaking, UV exposure was applied to transform the design layout on the 
photomask into the AZ9260 film. The AZ9260 film was then developed to expose the 
regions of the copper layer by the wet etching in FeCl3 based solution at room 
temperature. A copper patch array is obtained by removing the AZ9260 film. Since in 
both types of the superstrate, two arrays each on a separate substrate were required the 
fabrication process is repeated to produce the second array on another thin LCP film or 
FR4 substrate.  
 
For the air spacer based superstrate design, the 4-mm-thick PMMA rim was fabricated 
using the laser micromachining method described in Chapter 4. In the assembly process 
of the metamaterial superstrate, the two LCP substrates were bonded to each side of the 
PMMA rim using the liquid SU8 as an adhesive material. The two FR4 substrates were 
bonded together between the dielectric surfaces also using the SU8 based bonding 
approach. The superstrate was assembled with a source antenna by a nylon nut and bolt. 
Plastic screws (Nylon 6-6, RS Components) were used to secure the superstrate 
structure to the FR4 substrate of the source antenna using pre-drilled alignment holes 
located at the 4 corners of superstrate and FR4 board of the source antenna.   
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Figure 5.24: Schematic illustration of the fabrication steps of the RCA configurations 
consisting of the air spacer based and FR4 metamaterial superstrate, respectively. 
    
 
Fig. 5.25(a) shows a picture of the laser machined PMMA rim and the assembled RCA 
device. The outer dimensions of the PMMA rim are 50 mm x 50 mm and the width of 
the rim is 5 mm. The thickness of the rim is 4 mm. Fig. 5.25(b) shows the assembled 
RCA device, the superstrate is the air spacer based two-layer metamaterial. The 
superstrate was based on the design consisting of an array of 5x5 cells for the best 
optimised performance. The length and diameter of the nylon screws are 30 mm and 4 
mm, respectively. The cavity height can be controlled by adjusting the position of the 
nuts securing the assembly. The dimensions of the FR4 substrate of the source antenna 
are 50 mm x 50 mm.  
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Figure 5.25: Photographs of (a) a micromachined PMMA rim and (b) an assembled 
RCA device using an air spacer based metamaterial superstrate. 
 
 
 
 
Figure 5.26: A photograph of the assembled RCA device incorporating the FR4 based 
superstrate design.  
 
 
Fig. 5.26 shows a picture of the RCA device using the FR4 based metamaterial 
superstrate. In order to avoid the edge effect, an FR4 based metamaterial superstrate 
with dimensions of 36mm x 36mm was used containing a 6x6 array of patches, but the 
4 corner patches on each side are sacrificed for mounting holes. The cavity height is 19 
mm.  
 
 
 
(b) (a) 
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Figure 5.27: The results in measurement and simulation of reflection characteristics of 
the RCA device using the air spacer base superstrate. 
 
 
Figure 5.28: The results in measurement and simulation of reflection characteristics of 
the RCA device using the FR4 based metamaterial superstrate. 
 
 
5.9  Measurements and characterisation 
The verification of the antenna performance was carried out by measurements of the 
electromagnetic characteristics. The reflection and the radiation behaviours were 
characterised to confirm the capability of broadband operation based on the 
measurement methods described in Chapter 4.     
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5.9.1 Reflection characteristics  
Fig. 5.27 shows the reflection characteristics of the RCA device using the air spacer 
based two-layer metamaterial superstrate over the frequency range of 7−13 GHz. It can 
be seen that the -10 dB impedance bandwidth is between 8.3 GHz and 12.3 GHz. The 
percentage bandwidth is thus 40% for the middle frequency of 10 GHz. In comparison, 
a good agreement in bandwidth is obtained between the measurement and simulation 
results. The dip locations of the reflection characteristics are coincident with the 
measured results of the primary source which are at ∼9 GHz, ∼11 GHz, and ∼12 GHz as 
shown in Fig. 4.29(a) in Chapter 4. The appearance of the cavity response can be 
noticed around 8.5 GHz.  
 
Fig. 5.28 shows the reflection characteristics of the RCA device using the FR4 based 
superstrate as shown in Fig. 5.26 over the frequency range of 7−13 GHz. The measured 
impedance bandwidth is between 7.5 GHz and 13 GHz or ∼55% at the frequency of 10 
GHz. The measured bandwidth is larger than the result of simulation since the measured 
reflection characteristic shows a broader response. The locations of the dips are also 
observed to be around 8 GHz, 9 GHz, 11 GHz, and 12 GHz, similar to those in Fig. 
5.27.       
5.9.2 Measurements of antenna gain 
Fig. 5.29 shows the radiation characteristics of the antenna gain for the RCA device 
with the air spacer based superstrate measured over the frequency range of 7−13 GHz. 
The maximum broadside gain is ∼13 dBi. The measured 1-dB ripple radiation 
bandwidth is 40% covering the frequency range of 8 GHz to 12 GHz. For the 3-dB 
ripple condition, the radiation bandwidth is as wide as ∼47% over the frequency region 
of 7.5∼12.2 GHz.  
 
Fig. 5.30 shows the characteristics of the radiation for the RCA device with the FR4 
based metamaterial superstrate. The measured peak gain at the broadside direction is 
12.5 dBi. The 1-dB ripple radiation bandwidth of 45% is achieved between 7.7 GHz and 
12.2 GHz at the middle frequency of 10 GHz. For the 3-dB ripple radiation bandwidth, 
the operation band is ∼51% between 7.4 GHz and 12.5 GHz, whereas the 3-dB-ripple 
radiation bandwidth from simulation is ∼53% from 7.6 GHz to 12.9 GHz.           
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Figure 5.29: The results in measurement and simulation of radiation characteristics of 
the RCA device for the air spacer based superstrate. 
 
 
 
Figure 5.30: The results in measurement and simulation of the radiation characteristics 
of the RCA device for the FR4 superstrate. 
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A discrepancy between measurement and simulation is observed that the sharp drop 
beyond 12 GHz may be caused by the upper operation frequency of the standard gain 
horn antennas used in the measurement system. The random is associated with the 
accuracy of the measurement system.   
 
The results show that a smooth ripple band has been obtained over the target frequency 
range of operation for both antenna configurations. Broadband performance with 
enhanced gain or directivity has been achieved. It can be considered in the 
characteristics of the gain-bandwidth product (GBP) addressed in [193] as 
 ³0 = Pmâ ×%³       (5.14) 
Pmâ = 10Må(æ)]p       (5.15) 
where Pmâ is a liner maximum antenna gain. The GBP values are 938 and 907 with 
respect of using the air spacer based superstrate and the FR4 based metamaterial 
superstrate, respectively.  
5.9.3 Characteristics of the radiation patterns  
Figs. 5.31 and 5.32 show the characteristics of the normalised radiation patterns of the 
two broadband RCA devices. The results were obtained for the frequencies of 8 GHz, 9 
GHz, 10 GHz, 11 GHz, and 12 GHz within a range of the operation frequency. The 
measurements were carried out in both E- and H-plane over a full circle of 360° (or 
±180°) at a step size of 5°. In comparison, the characteristics of the radiation patterns 
agree well with the results of simulation as good directivity and narrow beamwidth. The 
results for H-plane show a more close agreement.  Furthermore, the attributes of the side 
lobes show that the number of side lobes increases as frequency. The side-lobe levels 
(SLLs) are less than -12 dB in all of the frequencies. However, the back radiations of 
the H-plane at 11 GHz and 12 GHz are different with a similar attribute of the measured 
radiation patterns of the source antenna in Chapter 4.   
 
The characteristics of the narrow-beam response show significant enhancement over 
that of the source antenna as shown in Chapter 4. The half-power beamwidth (HPBW) 
parameters for the observed frequencies are summarised in Table 5.4 and 5.5. The 
values in brackets are from the results of the simulation. In general there is a good 
agreement between results of measurements and simulations.  
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Figure 5.31: The E- and H-plane far-field radiation patterns of the RCA device using the 
air spacer based superstrate at five different frequencies of 8 GHz, 9 GHz, 10 GHz, 11 
GHz and 12 GHz. 
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Figure 5.32: E- and H-plane far-field radiation patterns of the RCA device using the 
FR4 based superstrate at five different frequencies of 8 GHz, 9 GHz, 10 GHz, 11 GHz 
and 12 GHz. 
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Table 5.4: Summary of the 3-dB beamwidth (HPBW) of the air-based RCA device. 
 8 GHz 9 GHz 10 GHz 11 GHz 12 GHz 
E-plane 35° (40°) 32.5° (32°) 40° (30°) 42° (28°) 29° (22°) 
H-plane 40° (42°) 32° (38°) 55° (36°) 50° (36°) 32° (29°) 
 
 
 
Table 5.5: Summary of the 3-dB beamwidth (HPBW) of the FR4-based RCA device. 
 8 GHz 9 GHz 10 GHz 11 GHz 12 GHz 
E-plane 35° (40°) 32° (32°) 47° (30°) 35° (28°) 35° (22°) 
H-plane 35° (42°) 32° (38°) 32° (36°) 32° (36°) 32° (29°) 
 
 
 
 
 
Figure 5.33: The simulation results of antenna gain of the RCA devices with the air 
spacer and FR4 based metamaterial superstrate structures in comparison with the RCA 
devices using a single-layer patch-array superstrate and a primary source.  
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5.10 Discussion  
The RCA devices are discussed in terms of the radiation bandwidth with the directivity 
and gain, and the characteristics of the radiation patterns. The effect of the finite-size 
superstrate is considered in connection with antenna performance. The effects of the 
superstrates based on the one-layer patch array and the two-layer identical patch arrays, 
are studied and compared for the purpose of wide radiation bandwidth as shown in Fig. 
5.33. In order to compare the radiation performance of the RCA devices, the simulation 
results show antenna gain for the wideband source antenna and the performance of the 
two RCA devices using the LCP film and the FR4 based substrate designs. It is evident 
that the radiation bandwidth of the two-layer metamaterial based superstrate design is 
much better than that of the single-layer based version.  
 
However, due the effect of gain-bandwidth product, the bandwidth is larger for the RCA 
devices in this work, the antenna gain of 13 dBi is not as high as those of some RCA 
designs, for 16.2 dBi [6], 16.5 dBi [7], 13.8 dBi [8], 18.2 dBi [9], and 19.5 dBi [10]. In 
RCA devices, the finite-size RCA and the material-loss property play a significant role 
in the characteristics of the radiation performance based on the trade-off parameter 
between gain and bandwidth. In addition, the side lobes are strong in the back direction 
due to the property of the driven aperture on the FR4 material that decreases the primary 
radiation performance.              
 
In this thesis, the RCA mechanism is based on the hybrid behaviour of the radiative 
Fano resonance in the two-layer metamaterials and the double cavity mode in the Fabry-
Perot configuration. The novel two-layer metamaterial exhibits the property of 
transmission. Such characteristics are unavailable in the one-layer (FSS) based PRS 
which only produce a single mode of the Fabry-Perot effect as shown in a conventional 
resonant cavity antenna. Also, the two-layer identical patch array is a simple design and 
is a unique structure in the RCA application that is different from the previous RCA 
designs based on two-layer dissimilar arrays.  
 
The good attribute of the enhanced antenna gain for the achieved radiation bandwidth is 
the low ripple performance over the operation band. The small antenna footprint has 
been discussed in the effective size of the RCA devices. The conditions of the 
metamaterial superstrate design in the RCA devices have been studied and verified in 
antenna characteristics. Table 5.6 summarises the design parameters and the measured 
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performance of the two types of the dielectric medium in the two-layer metamaterial 
superstrates. The peak gain of the RCA device with the air medium is slightly better 
than the device with the FR4-based superstrate. This is due to the effect of the dielectric 
loss in the FR4-based superstrate which is significant at high frequencies [194].  
 
 
Table 5.6: Summary of the antenna dimensions and performance.  
Interior 
medium  
Physical parameters Antenna performance 
Hr 
Hc  
(mm) 
  
Superstrate 
dimensions 
(mm2) 
Impedance 
bandwidth 
Measured  
1-dB ripple  
Radiation 
bandwidth 
Measured peak 
gain (dBi) 
(Simulated err.) 
Air-spacer 
based 
design 
4 mm 
(0.13λg) 
20 
(0.67λ0)  
35 x 35  40% 40% 
∼ 13.0 
(err. ∼1.5% )  
FR4 
3.2 mm 
(0.22λg) 
19 
(0.63λ0)   
36 x 36 55% 45% 
∼ 12.5 
(err. ∼1% ) 
λg is the guided wavelength at 10 GHz.  
 
The sizes of the two RCA devices are similar around 1.2λ x 1.2λ at 10 GHz. As has 
been discussed, the size of the RCA structure has an influence on an antenna gain. In the 
recent RCA works as addressed [9, 10], it has been shown that relatively high gain and 
wideband can be obtained in RCA devices using three layers (thickness of the 
superstrate more than a half wavelength) of the dissimilar dielectric slabs or FSSs based 
superstrate, respectively. This point shows the possibility of a broadband high-gain 
RCA device with a small footprint.  
 
In studying effect of the cavity height (distance), the two Hc values were optimised to 
be 20 mm and 19 mm for the air- and FR4-based superstrates, respectively. The cavity 
heights lead to the resonant frequency at the lower bound (∼8 GHz) of the radiation 
bandwidth.  
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Table 5.7: Comparison of the structures and radiation performance of RCA devices. 
 
Superstrate 
designs 
Superstrate 
dimensions 
Cavity 
height 
Gain peaks 
Radiation 
bandwidth 
This 
thesis 
 
Identical patch 
arrays 
35x35x4.2 mm3 
1.16λx1.16λx0.14λ 
 
20 mm 
 
13 dBi 
47% 
(4.7 GHz) 
Ref. 8 
Complementary 
FSS arrays 
72x72x0.79 mm3 
2.4λx2.4λx0.027λ 
15 mm 13.8 dBi 
28% 
(2.8 GHz) 
 
 
The dimensions and performance of the RCA devices in this thesis are compared to the 
recent broadband RCA in Ref. 8 which was designed to operate in the same frequency 
band at the centre frequency of 10 GHz. The superstrate in the work is also based on a 
two-layer superstrate and the source is an aperture couple patch antenna. Table 5.7 
shows a comparison of the superstrate design, the RCA dimensions and the radiation 
performance of the RCA devices. In [8], the two-layer FSS superstrate is based on a 
patch pattern on one side of a dielectric substrate and a complementary mesh pattern on 
the other side of the substrate. It is evident that the RCA device in this thesis has 
advantages in terms of the antenna size and the radiation bandwidth. The cavity height 
and peak gain are similar. But the bandwidth in the thesis work is larger by more than 
50% as compared with the value reported in [8].      
 
5.11 Summary 
In this chapter, the development of the broadband RCA devices has been described. The 
RCA devices are based on a superstrate design using the patch based two-layer 
metamaterial and the wideband patch antenna studied in Chapter 4 as a primary source. 
The modified patch array with a period of approximately quarter wavelength as opposed 
to the half-wavelength design studied in Chapter 3 has been investigated and found to 
be suitable for creating two-layer metamaterials for used as superstrates to develop 
broadband RCA devices. The effects of the resonant transmission (radiative mode) 
associated with the extraordinary transmission in such metamaterials have been studied 
for different thicknesses of the dielectric spacer. The properties for superstrate 
applications have been investigated in the transmission response based on the 
electromagnetic image theory using the Fabry-Perot cavity. It was found that a gap of 4 
mm between the two arrays each on an LCP film substrate in the air spacer based design 
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produces the best performance in terms of bandwidth and low ripple performance. In the 
antenna synthesis work for an RCA device, the metamaterial superstrate was combined 
with the primary source. The effect of the cavity height was investigated and then 
optimised for broadband performance. The size of the superstrate was subsequently 
studied in order to obtain broadband behaviour. The FR4 based two-layer metamaterial 
superstrate was also designed and incorporated into the RCA device successfully for 
broadband operation. Both designs were implemented successfully. The 3-dB radiation 
bandwidth and peak gain are 47% and 13 dBi for the RCA with the air spacer based 
superstrate, while they are 51% and 12.5 dBi for the device with the FR4 based 
superstrate, respectively. The bandwidth figures are much larger than that of similar 
devices in the previous work which is 28% [8], while the gain is slightly lower than 
corresponding value of 13.8 dBi. The RCA devices in this work are much more 
compact with the total dimensions of only 1.5λx1.5λx0.14λ as compared to the smallest 
RCA device of 2.4λx2.4λx0.027λ reported in the literature [8].  
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CHAPTER 6 CONCLUSIONS AND FUTURE WORKS 
 
6.1 Conclusions 
A thorough study of the Fano resonance effects in the metamaterial consisting of two 
identical patch arrays has been carried out as described in Chapter 3, it has been found 
that the sharp Fano resonances can be obtained in such metamaterial that exhibits  a 
characteristic of the asymmetric line-shape profile. The geometry based on two identical 
patch arrays with a dielectric spacer is able to demonstrate the effect of the surface 
plasmon polaritons (SPPs) in that the two-layer structure can behave like a coupled 
grating configuration. The attributes of the resonance effect are associated with the 
extraordinary electromagnetic transmission based on the coupled SPP-like behaviour. 
The Fano resonance originates from the trapped mode effect showing the anti-phase 
current distribution in a pair of patches as a unit cell. The effects of geometrical 
parameters such as the period, the patch dimensions and the thickness of the dielectric 
spacers in the material have been studied. The period of 15 mm (half wavelength) and 
the square patch of 13 mm x 13 mm give the Fano resonance effect at the frequency of 
10 GHz. Sharp resonances can be obtained using a sub-millimetre thick dielectric 
spacer. The resultant materials can be used for ultrathin resonator applications. The two-
layer patch based Fano-resonance material has been demonstrated using both FR4 and 
liquid crystal polymer (LCP) based dielectric spacers. Two identical patch arrays were 
fabricated on each side of the copper clad FR4 and LCP substrates. A strong resonance 
effect was observed in the LCP based materials resulting from significant 
electromagnetic coupling between the two arrays since the LCP thickness is only 100 
µm. A good agreement was obtained between the experiments and the simulation 
results. The strong absorption effect in the LCP based metamaterials has been 
investigated for potential applications as near perfect ultrathin absorbers. It has been 
shown that 98 percent absorption can be achieved in the LCP based material with a 
patch array on the front surface and the blank copper layer (PEC) on the back surface. 
In addition, the properties of electric permittivity and magnetic permeability associated 
with the Fano resonance effects have been studied. The metamaterial exhibits a negative 
permeability over the frequency window of the Fano resonance as well as zero 
permittivity at the resonance peak. 
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Design and fabrication methods have been developed for wideband antenna devices. 
The aim was to advance a wideband patch antenna as a primary source for the resonant 
cavity antenna described in Chapter 5. The CPW-fed aperture-coupled patch antenna 
design has been studied in order to develop a wideband patch antenna since it is capable 
of wideband performance as compared with other designs. The systematic approach was 
used to analyse the impedance and the radiation characteristics of the aperture element 
and the coupling with the patch element. For wideband operation, the short-end CPW 
was used as the feeding structure for the aperture-coupled patch antenna device in 
dealing with double-tuned impedance matching techniques. The dimensions of CPW, 
aperture and patch elements were optimised to ensure close coupling of the three 
resonances to obtain a wideband device as well the air gap between the patch and the 
ground plane on the FR4 substrate. The edge effects of finite-size ground plane on 
radiation patterns have been studied to determine a suitable substrate size for desirable 
radiation patterns.   
 
The optimised design has been implemented. The short-end CPW based feeding 
structure and the coupling aperture were fabricated on a single side copper clad FR4 
substrate using a microfabrication method. The laser micromachined PMMA rim was 
used as the spacer between the patch in an LCP substrate and the ground plane on the 
FR4 substrate. The laser based fabrication method for the PMMA rim is much simpler 
than the SU8 based approach used in the previous work. The SU8 based thermal 
bonding method was developed for assembly of the patch on the LCP substrate, the 
PMMA rim and the FR4 substrate. Drilled holes were used as the alignment marks for 
assembly of the patch antenna device. The measured result showed that the -10 dB 
impedance bandwidth of 46 percent has been achieved. This is an improvement by more 
than a factor of two as compared to that of the similar devices reported in the previous 
work. The 3-dB radiation bandwidth of 43 percent was obtained with a peak gain of 8.5 
dBi. It is believed that both of the impedance and the radiation bandwidth are the best 
performance obtained for the patch antenna device. The antenna size was around 1.5λ x 
1.5λ at the frequency of 10 GHz.          
 
Design and synthesis methods have been developed for broadband resonant cavity 
antennas using a metamaterial based superstrate and the wideband patch antenna as a 
primary source. The two-layer metamaterial has been designed based on the work 
described in Chapter 3. However, the quarter wavelength based period has been used to 
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obtain two-layer patch based metamaterials for RCA applications. It has been found that 
such materials with broad radiative Fano resonance behaviour provide good 
characteristics of magnitude and phase of reflection for using as superstrates for RCA 
devices. Both air spacer and FR4 based two-layer metamaterials have been designed; 
the air spacer based metamaterials consists of two LCP film substrates each with a patch 
array and separated by a PMMA rim. In the FR4 based two-layer metamaterials, the two 
patch arrays are formed an each side of the FR4 substrate. The behaviours of the 
metamaterials for superstrate applications were investigated by studying the 
transmission characteristics for an incident plane wave based on the electromagnetic 
image theory. The synthesis work on the design of broadband RCA device was carried 
out using the Ansoft HFSS software package. The effects of cavity height and 
superstrate size have been studied in order to obtain low ripple effects and broad 
radiation bandwidths and good radiation patterns.  
In the implementation of broadband RCA devices, the air spacer based two layer 
metamaterial superstrate was constructed using a laser machined 4-mm-thick PMMA 
rim. The two LCP film substrates each with a patch array were assembled with the 
PMMA rim using the SU8 based bonding method. For the FR4 based metamaterial 
superstrate, the two patch arrays were fabricated on one side of each FR4 substrate and 
then combined to form the metamaterial superstrate. The superstrate was then 
assembled and secured to the wideband patch antenna device using nylon bolts and 
nuts. The cavity height can be adjusted by moving position of nuts along the four nylon 
bolts. The sizes of RCA devices are about 45x45x44 mm3 or 1.5x1.5x0.8λ3. The 
performance of RCA devices was evaluated by reflection and radiation measurements. 
The 1-dBi ripple radiation bandwidth is ∼40% at 10 GHz with a maximum peak gain is 
∼13 dBi for the air spacer based superstrate. The RCA device with the FR4 based 
superstrate showed a reduction of gain peak by 0.5 dBi due to the effects of the 
dielectric loss in the FR4 materials.  
6.2 Future works   
The thesis work has focussed on the studies of RCA devices for broadband applications. 
In future works, the metamaterial substrate can be studied for dual band and multi-band 
applications. This may be achieved by a modification of two-layer metamaterials to 
produce the necessary characteristics in reflection magnitude and phase for developing 
RCA devices in dual band and multi-band applications. It will be interesting to 
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investigate alternative RCA devices using other types of antenna devices as the primary 
source. It is also possible to replace the blank ground plane of the patch antenna with a 
metamaterial based counterpart or to integrate a metamaterial structure with the existing 
ground plane to supress the edge effect of diffraction for enhancing the features of RCA 
performance, for example, directivity.  
 
The wideband patch antenna developed in this thesis can be used as the primary source 
with other superstrate designs to develop alternative RCA devices for high gain and/or 
broadband applications. There is also a scope to extend the single patch based design to 
a multi-patch version for high gain applications.  
 
For further study of the two-layer metamaterials, other shapes of elements can be 
investigated in terms of both Fano resonance effects and the associated complex 
electrical permittivity and magnetic permeability. The further work on the design of the 
LCP based two-layer metamaterials could lead to perfect thin film absorbers by 
modifying the front and back reflectors for improving impedance matching. The work 
on two-layer metamaterials can be extended to multilayer structures for a better 
performance and more novel properties.  
 
In fabrication and assembly of more reliable joining methods than the SU8 based 
approach, the area can be further investigated to produce high-robustness antenna 
devices for using in the practical solutions.  
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APPENDIX A : UNIT-CELL SIMULATION  
Numerical simulation based on the electromagnetic theory was used to design and study 
the characteristics of metamaterials. There are several simulation tools which are 
available in an electromagnetic research community. The varieties of the analytical 
methods are introduced based on the Maxwell’s equations through the partial difference 
or integral equation based approaches. The numerical methods consist of finite element 
method (FEM), finite-difference time-domain (FDTD), moment of method (MoM), or a 
mixture of the algorithms. Also, GUI (Graphical User Interface) systems and adaptive 
solvers are different which are taken into account such as 3D capabilities and meshing 
techniques for accurate results.          
 
In the thesis, a design process is performed using the commercial software package 
Ansoft HFSSTM which is a general purpose tool of the full-wave electromagnetic solver 
based on the finite-element method (FEM) for 3D structures. The HFSS software is a 
widely used tool. It has a powerful and accurate solver and a user-friendly interface. The 
theoretical analysis is based on Maxwell’s equations implemented through a set of the 
partial differential equation. The technique of the finite element mesh is particularly 
suitable for 3D structures or objects. In FEM, the problem space is physically divided 
into many small objects with a suitable mesh system. The scattering parameter is 
numerically calculated through an electromagnetic environment based on how 
components or structures perform in the field energy and influence of other nearby 
components.  For simplicity and efficient simulation work, the investigation is based on 
a single unit-cell with the periodic boundary conditions (PBC) which can represent 
electromagnetic properties of the infinite lattice. The PBC is based on geometry of a 
small part of a large configuration. The unit-cell interacts with its mirror images in a 
two-dimensional coordinate. The scattering response of the metamaterial configuration 
is analysed based on the Floquet’s theorem. This method deals with the uniform 
periodic structure via a harmonic function of the mathematical series of expansion 
[195].       
 
Fig. A.1 shows the configuration of a unit-cell simulation on the HFSS tool. Here, the 
unit-cell based on a pair of patch elements is considered by the electromagnetic 
interaction with an ordinary dielectric material as a spacer. In HFSS simulation, the unit 
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cell of the investigated structure is positioned into a boundary box. The presence of the 
Master and Slave boundary referred to as an infinite condition is specified by 
surrounding side-walls of the boundary box that is equivalent to function in a similar 
way to an electric or magnetic conductor. The coupled surfaces on the top and bottom of 
the boundary box are applied by the Floquet ports as Port 1 and Port 2. The Floquet port 
is used by assuming that planar-periodic structure is infinite. The field excitation is 
performed by the plane-wave radiation at the normal incidence.    
 
 
Figure A.1: Configuration of the Floquet-mode simulation of a unit-cell in HFSS. 
 
In this thesis, process steps of the HFSS simulation include firstly creating a physical 
structure by drawing a model of a unit cell with the PBC system in the solution type as a 
driven mode. For the two ports of the excitation, the de-embed distance from the 
exciting port is also taken to the interface of the unit cell which deals with the accuracy 
of a phase response. Next, the simulation environment is defined by the solution setup 
in which the target frequency is set at 10 GHz as the mid-band frequency. The setup of 
the adaption solution refers to the maximum number of passes and the maximum of 
delta S (the convergence of the S parameter) which are 10 and 0.002, respectively. The 
value is the stopping criteria for the solution setup. In frequency sweep, the simulation 
type is a discrete mode and the frequency range is from 1 GHz to 20 GHz at a step size 
of 10 MHz to cover the desirable band. The simulation results are associated with the 
characteristics of the reflectance and transmittance of the unit-cell structure given by the 
S parameters in a linear and log scale.  To observe the field plot, the components of the 
electric (E) and magnetic (H) fields are graphically available in field overlay and also 
the effect on the current distribution can be obtained.    
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APPENDIX B : THE MATLAB CODE FOR MATERIAL PROPERTIES 
This section shows the retrieval method for a material characterisation [147].  
% Set a constant for a speed of light  
c=3e8;     
 
% Load the S parameters as individual (CSV format data from the HFSS tool)  
load S11_mag 
load S21_mag 
load S21_phase 
load S11_phase 
 
f=S11_mag(:,1)*1e9;   % Set a frequency range from a CSV file 
k_0=2*pi*f/c;   % Calculate a wave number  
d=1e-3;   % Set a thickness of a unit-cell 
 
% Reconstruct the complex values of S11 and S21  
S11=S11_mag(:,2).*exp(i.*S11_phase(:,2));  
S21=S21_mag(:,2).*exp(i.*S21_phase(:,2)); 
 
% Calculate the impedance (z) 
z=sqrt( ( (1+S11).^2 - S21.^2 )./( (1-S11).^2 - S21.^2) ); 
 
% Calculate a value of a propagation and consider a passive medium 
eink0d=S21./(1-S11.*((z-1)./(z+1))); 
for p=1:length(S11) 
    if abs(eink0d(p))>1 
        z(p)=-z(p); 
        eink0d(p)=S21(p)./(1-S11(p).*((z(p)-1)./(z(p)+1))); 
    end 
end 
 
n = -i.*log(eink0d)./k_0./d;  % Calculation the refractive index (n) 
ep = n./z    % Calculation the permittivity (ε) 
mu = n.*z    % Calculation the permeability (µ)  
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APPENDIX C : PRINCIPLE OF THE ANTENNA CHARACTERISTICS    
The performance of antennas is described by various parameters as can be understood 
by IEEE Standard Definition of Terms for Antennas (IEEE Std. 145-1993).  In this 
section, some of the antenna parameters are briefly explained to facilitate discussion of 
the antenna development work in this thesis. The theory of antenna engineering [155] 
has been used in the study. The radiation component is dominated by the three electric-
field components (È , ÈÒ, È∅) at the observing point. In general, the radiation 
characteristics consist of the directional and the omnidirectional patterns depending on 
the antenna configurations. The terms of the E- and H-plane patterns are defined as a 
component of the electric-field and the magnetic-field vector, respectively. In addition, 
the distance e around an antenna is significant in describing the field distribution 
related to the antenna dimension è and the wavelength ). There are three zones 
including a reactive near-field @e / 0.62Rè/)A, a radiating near-field @0.62Rè/) <
e < 2è/)A, and a far-field region (e > 2è/)). Based on the theory of the 
electromagnetic wave propagation, the average power density of the radiation can be 
expressed as 
mé(ê, ë, U) = e²ìÈ × ¢∗î       (C.1) 
Also, the term of radiation density in the far-field region is referred to as the radiated 
power with respect to the solid angle which can be written as [150]   
0m = ∯ mé ∙ Qð6 = ∯ e²(È × ¢∗) ∙ 6Z\\    (C.2) 
In consideration of the isotropic radiator or the ideal source, the total power which can 
be radiated in all directions is given by 
0m = 4?4         (C.3) 
where W0 is the radiation density of the isotropic radiator. The radiation intensity that is 
a far-field parameter can be expressed as 
ñ = ?m         (C.4) 
where Wrad is the radiated power density. Also, the radiation intensity is related to the 
electric field in the far-field zone depending on the coordinates as given by 
  ñ(Õ, ò) =  |È(?, Õ, ò)|            (C.5) 
where ¡ is the intrinsic impedance of the medium and È(?, Õ, ò) is the far-field electric 
field intensity presented as Èó(Õ, ò) OôÙõ . The radiation intensity of an isotropic 
radiator can be expressed as [W/unit solid angle] 
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 ñ = <           (C.6) 
Significantly, the term of the antenna directivity is defined as a ratio of the radiation 
intensity in the given direction (ñ) to the radiation intensity in an isotropic radiator 
(ñ). Therefore, the directivity is defined as [dimensionless] 
è = ¿¿ =
 ¿
<        (C.7) 
The general expression of the antenna directivity can be considered based on the 
radiation-pattern function @Õ, òA  and is written as  
èÕ, ò = 4 öÒ,÷ø ø öÒ,÷rghÒÒ÷upup       (C.8) 
To illustrate this, the antenna efficiency (²), a parameter indicates the amount of loss at 
the terminals of the antenna structure. It can be defined as 
 ² = ² ∙ ².5∙ ²          (C.9) 
The terms of ²5 and ² are associated with the conduction and dielectric efficiency, 
respectively, whereas ²	refers to the reflection efficiency or mismatch defined by 
(1 − |Γ|), Γ is the reflection efficiency in connection with the antenna input impedance 
(gh) and the characteristic impedance of the transmission line (). It can be defined 
as  
Γ = ÍÍ	      (C.10) 
The terms of ²5 and ² are associated with efficiencies of a conduction and dielectric, 
respectively. In particular, the consideration of the conduction and dielectric efficiency 
is represented in antenna radiation efficiency (²5) and this can be expressed as  
²5 = ²5 ∙ ²        (C.11) 
In addition, the relative gain is a parameter of antenna performance which is related to 
the directivity in operation. The definition is considered by a ratio of the radiation 
intensity @ñ(Õ, ò)A to the radiated power (0m) in the lossless isotropic source which 
can be expressed as  
(Õ, ò) =  ∙¿(Ò,÷)<Í       (C.12) 
The radiation efficiency of an antenna is related to the radiated power and the input 
power as expressed as 0m = ²5 ∙ 0gh. The effect of the radiation efficiency can be 
related to the absolute gain and can be determined as 
  (Õ, ò)mr = ²5 ∙  ∙¿(Ò,÷)< = ²5 ∙ è(Õ, ò)    (C.13) 
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APPENDIX D: FUNDAMENTALS OF PATCH ANTENNAS 
The concept of a patch or microstrip antenna was introduced by G.A. Deschamps in 
1953 for an extension of a transmission line in accordance to the radiating elements in 
[155, 196, 197]. The physical layout is formed by a part of the strip patch as a metallic 
element with the feeding mechanism. The geometric dimensions of a patch element is a 
key to the resonant frequency which include the patch shapes such as a square, 
rectangular, circular, triangular, and annular or square loop. In general, the simple 
configuration of a patch antenna is formed by the parallel-plate structure of the patch 
element and the metallic ground plane. They are separated by a dielectric materials () 
with the thickness of a fraction of the operating wavelength. The excitation is fed by a 
coaxial cable or probe as a sample as shown in Fig. D.1.   
 
 
Figure D.1: A typical configuration of the patch antenna [151]. 
 
In accordance with the field travel at the interface of the dielectric-air media, the 
effective dielectric constant is considered for   ¢⁄ Å 1 as [197] 
O  E] C E [1 C ¸l_
4.ù
                                                  (D.1) 
The theoretical analysis based on the transmission line model is illustrated in the 
approximation of physical parameters for the rectangular patch antenna. Due to the 
fringing effect, the effective length is extended from the end of the physical length of a 
patch element on each side as expressed as  
O   C 2∆                                                                     (D.2) 
where            ∆  0.412¢ @EIww	4.AF
v
y	4. K
@EIww4.ùúAFvy	4.úK
.               
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The patch element is operated by the resonance condition based on the dominant 
TM0010 mode, the resonant frequency can be determined as 
3 = IwwREIwwRLE	                                                                 (D.3) 
For the radiation efficiency, the physical width of a patch element is also associated 
with the characteristic impedance as can be calculated approximately by  
 = 5V

E	                                                                           (D.4) 
The presence of a fringing field causes radiating slots on two sides of the patch edges 
that can refer to the equivalent admittance as û =  + D³ and û =  + D³. Due to 
the finite width (W) and the symmetric patch shape, the expression can be given by 
 =  = l4 [1 −

  `¢_    for  ¸ /

4       (D.5) 
³ = ³ = l4 ì1 − 0.636Q(`¢)î   ¸ < 4        (D.6) 
With the distance between two radiating slots of ∼λ/2, the resonant input resistance is 
also determined by transferred admittance as        
ûü = ü + D³ü =  − D³       (D.6) 
This relation leads to the total input admittance at the resonant frequency which is 
obtained in the real part due to the zero reactance as expressed by 
ûgh = û + ûü = 2        (D.7) 
Alternatively, the total input impedance at the resonant frequency is also given by 
gh = ýÍ = ]        (D.8) 
 
In connection with the mutual effect, the total resonant input impedance is given by 
gh = ýÍ = (]±])       (D.9) 
where the plus (+) and minus (−) signs indicate a odd and even mode between the 
radiating slot. The mutual conductance is defined as 
 = |þ| e² øø È × ¢∗ ∙ 6Z\       (D.10) 
where È and ¢ are the electric field by the first slot and the magnetic field by the 
second slot, respectively. The mutual conductance is calculated as 
 = 4 ø rghF
õv 5rÒK
5rÒ 4 ;4(`4ZQÕ)ZQÕ6Õ    (D.11) 
where ;4 is the Bessel function of the first kind of zero order. 
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In electromagnetics, the cavity model is applied to a configuration of the patch antenna 
by considering the field in the dielectric region between the patch element and the 
ground plane. This method can give an accurate analysis and also determine the 
resonant frequencies in higher modes. The formation of a cavity is bounded by the 
electric conductor on the top and bottom, and the magnetic wall along the perimeter of 
the patch element. The field configuration in a cavity can be obtained by the vector 
potential approach which gives the wave equation of  
∇câ + `câ = 0         (D.12) 
 In accordance to the boundary conditions, the electric and magnetic field in a cavity are 
connected to the vector potential câ by 
Èâ = −D LE F =

=â + `K câ   ¢â = 0    (D.13) 
È = −D LE =
¬å
=â=    ¢ = − L =¬å=     (D.14) 
È = −D LE =
¬å
=â=    ¢ = − L =¬å=     (D.15) 
 Also, the wave numbers referring to `â, `, ` are represented as 
`â = FP¸ K ,			 = 0,1,2,…        (D.16) 
` = Fh K ,			Q = 0,1,2,…        (D.17) 
` = FNlK ,			8 = 0,1,2,…        (D.18) 
Therefore, the parameters of m, n and p represent the number of the half-cycle field 
variations along the x, y, x directions. The resonant frequency can be obtained by 
3, Q, 8 = √LEVFP¸ K
 + Fh K
 + FNlK

   (D.19) 
The directivity of a patch antenna for a single radiating slot can be expressed as  
è = Fl K

À]        (D.20) 
where             	 = ø {|}F
õv
 
{ÒK

{Ò 4 sin Õ6Õ 
In case of two radiating slots, the expression can be illustrated by  
è = Fl K

À       (D.21) 
	 = ø ø {|}F
õpv
 
{ÒK

{Ò 

sin Õ XYZ FWpI sin Õ sinòK44 6Õ6ò   (D.22) 
In addition, the Q factor which deals with antenna losses including radiation loss (Qrad), 
conductor loss (Qc), dielectric loss (Qd), and surface-wave loss (Qsw), is given by 
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´¯ =

´ +

´ +

´ +

´        (D.23) 
Due to the thin dielectric substrate, the surface-wave loss can be ignored. The 
approximation of other loses are expressed as   
º5 = ¢R3(        (D.24) 
º = ÃÄ}         (D.25) 
ºm = El¸       (D.26) 
where m is the radiation conductance, the term of tan δ or a loss tangent is 
BB +  B⁄ . In connection with the Q factor, the bandwidth based on a VSWR 
parameter associated with the impedance matching is given by 
³ = þ\l¾´¯√þ\l¾         (D.27) 
The radiation efficiency is defined as a ratio of the radiated power and the input power 
and in the case of the patch antenna it can be obtained as  
²5r = ´¯´         (D.28) 
The far-field radiation pattern of a rectangular patch is illustrated in operation of the 
TM10 mode is propagated in the E and H plans. The normalised radiation pattern can be 
written as [196]    
ÈÒh = rghF
õvÍÍ
 KõvÍÍ

XYZ FW ZQÕXYZòK XYZò     (D.29) 
È÷h = rghF
õvÍÍ
 KõvÍÍ

XYZ FW ZQÕXYZòK XYZÕZQò    (D.30) 
 
Fig. D.2 shows various designs of the feeding mechanism that have been developed for 
patch antennas. The feeding structures include microstrip line (Fig. D.2(a), 
electromagnetic coupling (Fig. D.2(b)), aperture coupling (Fig. D.2(c)), and coplanar 
waveguide (Fig. D.2(d)). Each feeding method provides different input impedance that 
depends on a physical design and a matching technique. In detail, the conventional 
coaxial probe is used to feed electric energy directly to a patch element as shown in Fig. 
D.1. In geometry, a conducting pin is vertically drilled via a dielectric substrate and 
positioned inside a patch element. The feeding point location on the patch can affect 
input impedance and a conducting probe also gives the inductance effect. Its 
disadvantage is that the structure is a non-planar configuration due to the position of a 
connecting component only beneath the patch element. Secondly, the use of the 
microstrip transmission line to connect to the edge of a patch element is shown in Fig. 
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D.2(a). The physical benefit is that the feed-line structure can be easily fabricated on a 
dielectric substrate together with a patch element. Also, the antenna impedance 
matching can be achieved by using a microstrip-line based feeding technique. However, 
the microstrip line produces spurious wave that can affect the radiation characteristics 
[197].  
 
 
Figure D.2: Illustration of feeding method for patch antennas [197]. 
 
On the other hand, a coupling in a non-connected feeding configuration is illustrated in 
Figs. D.2(b), (c) and (d) in which there is no electrical connection between the feed-line 
structure and the patch element. As for the benefits, the choices of a dielectric material 
can be considered and also an air gap is feasible which offers the wideband operation 
due to the low dielectric constant. The gap provides a capacitance effect in which the 
compensation of impedance can be obtained at the low frequency. The first 
configuration is that the proximity coupling as seen in Fig. D.2(b) shows the feed-line is 
located in between the ground plane and the patch element. In the second as 
configuration as shown in Fig. D.2(c), the aperture coupled patch is fed by a microstrip 
line at the bottom surface of the dielectric substrate. Fig. D.2(d) shows the use of a 
coplanar waveguide (CPW) structure that is fabricated on the ground plane. The back 
radiation can be produced in the aperture-based coupling due to its inherent 
characteristic [197]. 
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